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Abstract 

With the further increase of domestic oil demand, the diversification strategy of energy supply represented by alternative 

energy sources, such as alcohol fuel which has become a direction of China's energy policy. Alcohol fuel can reduce 

conventional engine emissions by replacing conventional gasoline and diesel, but their unconventional emissions -- 

formaldehyde -- tend to have higher concentrations than conventional engines. Based on this, this paper analyzed the physical 

and chemical properties of mixture of methanol and gasoline and its feasibility as an energy fuel, and conducted experiments 

on formaldehyde emission of gasoline and methanol gasoline respectively, and then obtained a large number of experimental 

data that studied and analyzed the experimental results and methods, and drew relevant research conclusions. The results show 

that the high ratio of alcohol fuel can replace the use of chemical fuel and has good energy saving and environmental protection 

characteristics. When the same fuel is tested, the formaldehyde emission increases first and then decreases with the increase of 

power. In this paper, a large amount of formaldehyde emission data from alcohol fuel engines are obtained through bench 

experiments, which provides a scientific basis for the future development of alcohol fuel vehicle combustion system and the 

formulation of environmental emission standards. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

Keywords: engine, alcohol fuel, methanol, unconventional emission, formaldehyde; 

1. Introduction 

With the rapid development of the global economy, 

China's automobile industry has also developed rapidly. 

However, the rapid increase of transportation and 

automobile ownership has brought great pressure to China's 

energy supply and environmental pollution. Air pollution 

caused by automobile emissions is becoming more and 

more serious. In large and medium cities in various 

countries, automobile exhaust emissions have become the 

most important source of air pollution [1]. 

To alleviate the pressure of oil resources shortage, and 

to improve the atmospheric environment, and promote the 

human society and the sustainable development of the auto 

industry, alcohol fuel (methanol, ethanol) as a new 

alternative fuel can be completely or partly replacing the 

traditional gasoline, diesel oil. Clean combustion, not only 

can greatly reduce the conventional emissions of harmful 

substances, specifically hydrocarbons (HC), nitrogen 

oxides (NOX), carbon monoxide (CO), emissions of carbon 

dioxide (CO2), but also particulate matter concentrations 

can significantly decrease, with good environmental 

properties [2]; Moreover, alcohol fuels are abundant in 

sources and are an ideal alternative to petroleum. Therefore, 

under the dual pressure of environmental protection and 

energy, alcohol fuel engine as a new type of vehicle power 

will present a broad development prospect [3]. 

Although the substitution of clean alcohol fuel for 

traditional fuel can reduce the content of conventional 

pollutants discharged by traditional engines and improve 

the quality of the environment, it also brings new problems. 

When the engine uses alcohol fuel, the emission 

concentration of unconventional emissions—formaldehyde 

is often higher than that of traditional engine [4]. 

Formaldehyde emissions are very harmful to the 

environment and human health. Animal experiments have 

confirmed that it can cause nasal squamous cell carcinoma 

in rats, and its impact on human health is mainly manifested 

in abnormal smell, irritation, allergies, abnormal lung 

function, abnormal liver function and abnormal immune 

function [5]. When the concentration of formaldehyde in the 

air reaches 30mg/m3, it will cause death immediately. At 

present, people’s understanding of the test methods, test 

standards and emission value of formaldehyde in 

automobile emissions is far from a deep understanding of 

the hazards of formaldehyde, and some people even predict 

the development prospects of alcohol fuels based on this. 

Therefore, it is very necessary to carry out research on the 

detection and analysis methods of formaldehyde in the 

exhaust of alcohol fuel engines. 

* Corresponding author e-mail: lishigang2523@163.com. 
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Based on this, the paper analyzes the formaldehyde 

emission in engine exhaust under different working 

conditions and different fuels and obtains a large amount of 

regular test data. This method does not require any pre-

treatment of engine exhaust and can be directly sampled and 

analyzed. The operation is simple and fast, which has laid 

an important foundation for further improvement of alcohol 

fuel engines and further study of the main unconventional 

emissions-formaldehyde under different catalytic 

conditions. 

2. Feasibility Analysis of Methanol as a Fuel for 

Automobiles 

Methanol is a colorless, transparent, volatile, and 

flammable liquid. Methanol is toxic, with low calorific 

value, high latent heat of evaporation, good anti-knock 

performance, and high oxygen content. In addition, 

methanol is prone to phase separation in the presence of a 

small amount of water [6]. The physical and chemical 

properties of methanol and gasoline are compared in Table 

1. 

Methanol can be directly used as the fuel of internal 

combustion engine with the following good characteristics 
[7-11]: 

1. Methanol has small molecular weight and simple 

molecular structure. Methanol fuel contains oxygen, 

which is 50% oxygen in terms of mass, which is 

conducive to complete combustion. Small C/H is 

conducive to more water and less CO2 during 

combustion. 

2. The boiling point and freezing point of methanol are 

both low, the former is conducive to the formation of 

fuel-air mixture, while the latter can ensure the engine to 

work at a low temperature. 

3. Compared with gasoline, the calorific value of methanol 

is relatively low, while the latent heat of vaporization is 

3.6 times that of gasoline. Therefore, with the same 

thermal efficiency, the effective mass fuel consumption 

rate of methanol is high, and the high latent heat of 

vaporization can improve the internal cooling of the 

engine after combustion, improve the engine’s power 

performance, and reduce the exhaust temperature. 

4. Methanol has a higher-octane number and a higher anti-

knock performance, and a wider ignition limit than 

gasoline. It can appropriately improve the compression 

ratio to improve the thermal efficiency, and it can also 

burn in a thinner mixture state, which is very beneficial 

to exhaust purification and fuel consumption reduction. 

5. Methanol has a higher ignition point than gasoline, 

which is less prone to fire accidents and safer than 

gasoline. 

6. Methanol gasoline is liquid under normal temperature 

and pressure, which is easy to operate and convenient to 

store. 

Table1. Physical and chemical properties of alcohol fuel 

Name Methanol gasoline 

Chemical formula 
CH3OH C4～C12 hydrocarbon compounds 

Molecular weight 32 95～120 

Quality 

ingredients 

Carbon content (mass ratio %) 37.5 85～88 

Hydrogen content (mass ratio %) 12.5 12～15 

Oxygen content (mass ratio %) 50.0 0 

20℃ density (kg/L) 0.791 0.72～0.75 

Theoretical air-fuel ratio (mass ratio) 6.47 14.7 

Reid vapor pressure (37.8℃) (MPa) 0.037 0.05～0.09 

Boiling point (℃) 64.5 30～190 

Freezing point (℃) -97.8 -57 

Flash point (℃) 11 43 

Auto-ignition temperature (℃) 470 260～370 

Solubility in water (mg/L) 
mutually soluble 

 
100～200 

Latent heat of vaporization (kJ /kg) 1109 310 

Fuel low heating value (MJ/kg) 19.92 44.52 

Octane number 
Research Method (RON) 112 84～96 

Motor Method (MON) 92 70～84 
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After methanol is mixed with gasoline in a certain 

proportion and a certain additive is added to form the 

blended fuel, low-proportion methanol gasoline, such as M3 

and M5, can be used like gasoline without any changes to 

the engine. In Europe and other places, a large number of 

methanol gasoline has been sold, but it is generally 

necessary to add auxiliary solvents to prevent fuel 

stratification; Medium proportion methanol gasoline, such 

as M15, M25, the engine only needs to be slightly adjusted, 

the technical problem is relatively simple, as it has been 

demonstrated in some international teams in Europe, but 

solvent must be added; high proportion methanol gasoline, 

such as M85 and M90, needs to modify and optimize the 

engine, and its power, emission and thermal efficiency are 

better than the original gasoline engine [12]. At present, 

methanol production technology, special methanol fuel 

vehicle technology with high combustion ratio and pure 

methanol fuel are relatively mature, and the market supply 

is relatively sufficient. Moreover, high proportion methanol 

fuel has been commercialized abroad [13]. However, 

methanol gasoline still has serious problems in toxicity, 

metal corrosion and other aspects. It is necessary to organize 

a comprehensive, systematic and scientific feasibility 

demonstration on methanol gasoline for vehicle use. 

3. Unconventional Emission -- Formaldehyde Emission 

Test 

In the process of this paper, the test data are mainly 

measured under partial load characteristic test of engine. 

Start from small load, gradually increase the throttle, 

appropriate distribution of more than 6 measurement points 
[14-16]. At each measurement point, the output torque, power, 

exhaust temperature and so on of the engine are recorded 

after the engine is running steadily for 1min.During engine 

operation or data recording, the difference between the 

engine speed and the selected speed should be no more than 

± 1% or ±10 r/min, and the larger value should be taken. At 

the same time, data such as torque and power are recorded, 

and the average value of two consecutive stable values is 

taken. The difference between the two measured values of 

torque should be less than 2% [17, 18]. 

3.1. Test instruments and equipment 

1. Formaldehyde collection device 

The method of collecting formaldehyde in this test is to 

use the property of formaldehyde to be miscible with water 

at will and let the engine exhaust pass through a specific 

absorption device and mixing device to collect the 

formaldehyde in the exhaust gas. 

2. Formaldehyde analyzer 

The formaldehyde analyzer used in the test is GDYK-

201S indoor air formaldehyde analyzer developed by 

Changchun Jida Cygnet Instrument Co., Ltd. The 

instrument consists of a silicon light source, a colorimetric 

bottle, an integrated photoelectric sensor and a 

microprocessor, which can directly display the content of 

formaldehyde in the measured sample on the LCD screen 

(mg/L), substitute the sampling volume, temperature and 

pressure, etc., to get the final formaldehyde emission 

(mg/m3). 

3.2. Experimental fuel 

The main fuels used in this test are: RON93 gasoline 

currently sold on the market in Northwest China,RON93 

gasoline refers to gasoline with an octane number of 93; 

Methanol, pure analysis, purity above 99.5%, Xi 'an 

Chemical Reagent Factory production; Ethanol, pure 

analysis, purity 99.7% above, Xi 'an chemical reagent 

factory production. 

In the test, M15, M25, M85, E10, E25 and ED10 were 

prepared by volume percentage. 

3.3. Formaldehyde-emission detection of bench test 

The test gasoline engine is the Flyer M-TCE engine, 

gasoline injection closed-loop control, 0.8L, four-stroke 

water cooling. The test was conducted for formaldehyde test 

at engine speed of 2600r/min and different power [19]. The 

test results are shown in Table 2 to Table 5. 

Table2. Bench test results of formaldehyde emission from RON93 

gasoline 

Serial 

number 

Throttle 

opening 

Torque Power Formaldehyde 

test value 

Formaldehyde 

emission 

 % N•m kW mg/L mg/m3 

1 20 10.7 2.9 0.47 6.542 

2 25 20.3 5.5 0.52 7.245 

3 30 33.6 9.1 0.51 7.111 

4 35 42.2 11.6 0.48 6.699 

5 40 48.7 13.2 0.46 6.424 

6 50 55.4 15.0 0.45 6.293 

Table 3. Bench test results of formaldehyde emissions from M15 

methanol gasoline 

Serial 

number 

Throttle 

opening 
Torque Power 

Formaldehyde 

test value 

Formaldehyde 

emission 

 % N•m kW mg/L mg/m3 

1 20 19.2 5.2 0.52 7.225 

2 25 27.5 7.5 0.54 7.503 

3 30 37.3 10.2 0.56 7.781 

4 35 43.3 11.8 0.52 7.225 

5 40 49.3 13.4 0.49 6.809 

6 50 55.4 15.1 0.48 6.670 
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Table 4. Bench test results of formaldehyde emissions from M25 

methanol gasoline 

Serial 

number 

Throttle 

opening 

Torque Power Formaldehyde 

test value 

Formaldehyde 

emission 

 % N•m kW mg/L mg/m3 

1 20 12.0 3.8 0.58 8.100 

2 25 28.0 7.6 0.73 10.212 

3 30 36.0 9.8 0.75 10.503 

4 35 43.9 12.0 0.56 7.847 

5 40 48.8 13.3 0.53 7.439 

6 50 54.0 14.7 0.51 7.166 

Table 5. Bench test results of formaldehyde emissions from M85 

methanol gasoline 

Serial 

number 

Throttle 

opening 
Torque Power 

Formaldehyde 

test value 

Formaldehyde 

emission 

 % N•m kW mg/L mg/m3 

1 20 14.0 3.6 0.67 9.373 

2 25 27.6 7.7 0.90 12.603 

3 30 37.4 10.2 0.83 11.631 

4 35 43.5 11.8 0.68 9.545 

5 40 48.5 13.2 0.64 8.992 

6 50 53.7 14.6 0.52 7.311 

3.4. Formaldehyde emission detection in vehicle test 

The vehicle used in the test was Chang’an star 

SC6360H, and its main technical parameters are shown in 

Table 6. 

Table 6. Main technical parameters of Chang’an star SC6360H 

Length/width/heig

ht 

3600/1475/192

5 mm 
Wheelbase 2350 mm 

Track front/back 1280/1290 mm Seat number 5-8 

Full Vehicle 

Readiness Quality 
990 kg 

Full load 

total mass 
1575kg 

Engine Model JL465Q5 
Displaceme

nt 
1012 mL 

Rated power 39 kW 
Maximum 

torque 
78 N·m 

Maximum speed ≥105 km/h 
100 km fuel 

consumption 
≤6.4 L/100 km 

Maximum gradient  ≥30 % 
Type of 

transmission 

5 speed 

synchronizatio

n 

Driving Type 
Rear wheel 

drive 

Braking 

mode 

Front disc, 

rear drum, 

double circuit 

hydraulic 

pressure 

Front suspension 

McPherson 

independent 

suspension 

Rear 

suspension 
5 leaf springs 

Tyre type 155E13LT ----- ----- 

The main instruments and equipment used in the test are 

shown in Table 7. 

Table 7. Instruments and equipment used in vehicle test 

Device name Model Manufacturer 

Chassis dynamo 

meter 
1Axle48-inline AVL, Austria 

In-situ formaldehyde 

analyzer for indoor 

air 

GDYK-201S 
Changchun Ji Swan 

Instrument Co., Ltd. 

Formaldehyde meter 

sampling system 
----- Self developed 

The test is the detection of formaldehyde emissions of 

several fuels at different speeds and different gears. The test 

data are shown in Table 8 to Table 10. 

Table 8. Vehicle test RON93 gasoline formaldehyde emission 

results 

Serial 

number 
Speed 

Gear 

position 

Formaldehyde 

test value 

Formaldehyde 

emission 

  Km/h   mg/L mg/m3 

1 30 3 0.68  9.689  

2 40 3 0.70  9.991  

3 50 4 0.79  11.290  

4 55 4 0.85  12.172  

5 65 5 0.77  11.052  

6 75 5 0.80  11.509  

7 85 5 0.80  11.535  

Table9. Vehicle test M15 methanol gasoline formaldehyde 

emission results 

Serial 

number 
Speed 

Gear 

position 

Formaldehyde 

test value 

Formaldehyde 

emission 

  Km/h   mg/L mg/m3 

1 30 3 0.72  10.361  

2 40 3 0.95  13.680  

3 50 4 1.07  15.438  

4 55 4 0.98  16.507  

5 65 5 0.94  15.859  

6 75 5 0.91  15.378  

7 85 5 0.92  15.572  

Table 10. Vehicle test M85 methanol gasoline formaldehyde 

emission results 

Serial 

number 
Speed 

Gear 

position 

Formaldehyde 

test value 

Formaldehyde 

emission 

  Km/h   mg/L mg/m3 

1 30 3 0.80  13.519  

2 40 3 0.92  15.547  

3 50 4 0.95  16.054  

4 55 4 1.00  16.916  

5 65 5 0.98  16.588  

6 75 5 0.80  13.550  

7 85 5 0.76  12.885  
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4. Experimental Results and Comparative Analysis 

The emission levels of formaldehyde when the engine 

burns different fuels are shown in Figure 1 to Figure 4. 

 

Figure 1. RON93 gasoline formaldehyde emission 

 

Figure 2. M15 methanol gasoline formaldehyde emission 

  

Figure 3. M25 methanol gasoline formaldehyde emission 
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Figure 4. M25 methanol gasoline formaldehyde emission 

 

4.1.  Influence of methanol content on results 

 

Figure 5. Comparison of Methanol Gasoline and RON93 
Formaldehyde Emissions 

As can be seen from Figure 5, with the increase of 

methanol content in the fuel, the emission of formaldehyde 

is generally increasing. Moreover, at the same speed, with 

the increase of throttle opening, the formaldehyde emission 

generally shows a trend of first rising and then falling, and 

the formaldehyde emission is the largest near the throttle 

opening of 30%. The reason is that in the case of small load, 

the amount of mixture filled in the engine cylinder is less, 

the combustion is more complete, and the emission of 

formaldehyde is less. The decrease of formaldehyde 

emission under heavy load is mainly due to the rise of 

temperature, and high temperature is not conducive to the 

formation of formaldehyde. This is also verified by 

analyzing formaldehyde emission concentration at different 

sampling points in the exhaust system. 

Table 11 shows the comparison of the maximum, 

minimum and average formaldehyde emission of the 

selected fuels within the range of engine test conditions. It 

can also be seen that the emission of formaldehyde shows a 

gradual rising trend with the increase of methanol or ethanol 

in the fuel. 

Table 11. Comparison of formaldehyde emission averages of 

several fuels 

Fuel 
Maximum 

value 

minimum 

value 

average 

value 

RON93 7.11 6.29 6.72 

M15 7.78 6.67 7.20 

M25 9.80 7.12 8.31 

M85 11.07 7.31 9.49 

5. Conclusion 

Through the experimental study, the following 

conclusions are drawn: 

1. When the engine uses gasoline and alcohol fuel, 

formaldehyde pollutants are present in the exhaust gas. 

2. When the engine uses a mixed fuel of alcohol and 

gasoline, as the alcohol content in the mixed fuel 

increases, the amount of formaldehyde emissions in the 

exhaust also increases. 
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3. When the engine uses gasoline and alcohol fuels, 

formaldehyde emissions first increase and then decrease 

with the increase of load. 

4. The combustion characteristics and combustion speed of 

M85 methanol gasoline are similar to that of RON93 

gasoline, which can be used as fuel for ignition engine, 

and has good energy-saving and environmental 

protection characteristics. 

5. M85 methanol gasoline has a very strong anti-knock 

performance, and its octane number is about 103. When 

M85 methanol gasoline is used as fuel, the engine runs 

smoothly with extremely low noise. 

6. Due to the limitation of adjustment of the oxygen sensor 

of the engine, the adaptability of the engine is poor when 

using methanol gasoline above M50, or even the engine 

may not work. In order to ensure the good combustion 

of the engine, it is very necessary to develop the flexible 

fuel controller, which is beyond the scope of this article. 

The analysis of formaldehyde emissions from alcohol 

fuel vehicle engines is a multi-disciplinary technology. In 

the actual test process, few successful experiences can be 

used for reference. Each step is done in trial and exploration. 

Although a complete measurement and analysis system has 

been established in the end, there are still many 

shortcomings, which need to be improved in some areas. 
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Abstract 

An electric SUV is designed and developed based on the original traditional fuel vehicle model. The design scheme of the 

front suspension lower control arm of prototype vehicle is referred to save the development cycle and cost of the design. The 

original design scheme is optimized to meet the performance and lightweight requirements. In this paper, the analysis model 

of lower control arm is firstly established based on the finite element technology to conduct free modal analysis. The results 

show that the first two modes appear as bending and torsion. The modal frequency is higher than excitation frequency, which 

satisfies the requirement of vibration characteristics. Then free modal test on lower control arm is carried out based on hammer 

method, and the test results show that the accuracy of the analysis value is high. Then, the front suspension dynamics model of 

electric SUV model is established to extract the load of lower control arm. The inertial release method is applied to analyze its 

limit strength, the results show that its maximum stress is lower than its used stress which meets the requirements of strength 

design. Finally, the multidisciplinary optimal design of lower control arm is carried out to obtain the best design scheme. After 

optimization, both modal characteristics and strength characteristics meet the design requirements, and its mass is reduced by 

16.7%. And its optimization scheme has passed the bench test and road test certificate successfully, so it has high accuracy and 

feasibility, providing a new idea for the design and development of the lower control arm, the front suspension of electric SUV. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

Keywords: lower control arm; modal; inertia release; strength; optimization; bench test; 

1. Introduction 

The suspension structure of electric vehicle is an 

important system which guarantees the stability and 

comfort of the vehicle. As the guiding and force 

transmission component of the former Macphersan 

suspension, lower control arm is connected with the wheels 

and subframes by ball hinges and bushings to withstand 

forces and torques from both vertical and horizontal 

directions when the vehicle is moving, which may make 

abnormal noise and failure risk occur. Its vibration 

characteristics and strength characteristics directly affect 

the safety and reliability of the vehicle, while lightweight 

affects the endurance mileage and manufacturing cost of the 

vehicle. Therefore, the design of lower control arm needs to 

consider various performance requirements and lightweight 

requirements. In order to save development cycle and cost, 

the optimization is carried out according to the front 

suspension lower control arm of original traditional fuel 

SUV models, which makes the structure of lower control 

arm meet the performance requirements required by electric 

SUV. 

Fuchs Hannes et al. [1] discuss the results of a study to 

develop lightweight steel proof-of-concept front lower 

control arm (FLCA) designs that are less expensive and 

achieve equivalent structural performance relative to a 

baseline forged aluminum FLCA assembly. Yoo, Sang 

Hyuk et al. [2] show topology optimization of lower control 

arm (LCA), made of carbon fiber reinforced plastic (CFRP), 

that was originally composed of aluminum alloy, and 

authors propose the new design of CFRP LCA with 30% 

weight reduction compared to Al alloy LCA. Heo, S.J. et al. 
[3] presents shape optimization of lower control arm 

considering multi-disciplinary (stiffness, strength and 

durability) constraint conditions, and the optimal model 

meets all the design constraint conditions and reduces the 

weight by about 200 grams comparing with that of the initial 

model. Huang He [4] conducts stiffness performance 

analysis, strength performance analysis and modal 

performance analysis on a certain lower control arm and 

optimizes its structure and obtained its lightweight scheme. 

Its weight is significantly reduced after optimization, which 

also meets the requirements of fatigue life. 

The following is the method to analyze whether the static 

and dynamic performance of the front suspension lower 

* Corresponding author e-mail: huangxingyuan001@126.com. 
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control arm of an electric SUV can meet the design 

requirements. Firstly, the free modal analysis is carried out 

based on finite element method; secondly, the modal test is 

carried out to verify the accuracy of the model; thirdly, the 

dynamic simulation analysis of the front suspension is 

carried out to obtain the load of its typical working 

condition, and then the strength analysis is carried out; 

fourthly, the lightweight design is carried out on the basis 

of multiple disciplines and multiple objectives; finally, 

bench test and road test are carried out. 

2. Dynamic characteristics analysis of lower control 

arm 

2.1. Build finite element model 

This type of electric SUV front suspension lower control 

arm follows the design scheme of the prototype fuel car. It 

is mainly composed of upper plate, lower plate and 

reinforcing shaft tube, its front point and back point are 

connected with the sub-frame, and its external point is 

connected with the steering knuckle. The 3d model of lower 

control arm is established using Catia software and 

imported into Hypermesh software [5,6]. The middle surface 

of upper plate, lower plate and reinforced shaft tube is 

extracted, and processed by grid division using 4mm mixed 

unit (CTRIA3 unit and CQUAD4 unit). It should be ensured 

that it is quadrilateral elements, and triangular elements 

should be reduced. Weld joint between each other is 

replaced by aligned quadrilateral shell elements. The 

thickness of upper plate of lower control arm is 4.0 mm, the 

thickness of lower plate is 4.0 mm, the thickness of 

reinforced shaft tube is 4.5 mm, and the mass of lower 

control arm is 4.2 kg. The material of each part of lower 

control arm is QSTE420TM, its yield strength is 420 MPa, 

the tensile strength is 480 MPa, the fracture strain is 21%. 

The material properties are shown in Table 1. The materials 

and their attributes of the same property are established to 

create a lower control arm finite element model, as shown 

in Fig. 1. 

 

Figure 1. Finite element model of lower control arm 

Table 1. material properties of QSTE420TM 

Name 
Elastic 

Modulus 

Poisson’s 

ratio 
 Density 

QSTE420TM 210GPa 0.3 
7.9E3 

kg/m3 

 

2.2. Analysis of modal results 

Based on general theory of modal analysis as well-

known [7,8], free modal analysis is conducted on the lower 

control arm using Nastran software [9,10] to obtain the result 

that the first two natural frequencies are 610.8 Hz and 693.5 

Hz, and their mode shapes are shown as bending and torsion 

respectively. What is shown in Fig. 2 and Fig. 3 are the 

torsional and bending modal shapes of the front suspension 

lower control arm respectively. The excitation frequency of 

the tire cavity was 180.5 Hz, and the excitation frequencies 

range of the motor were 16.7 Hz-200 Hz. Through modal 

analysis, it can be known that the lower control arm belongs 

to high-order frequency structure, which is far higher than 

the excitation frequency of its motor and the frequency of 

tire cavity, so it can meet the requirements of modal 

characteristics. 

 

Figure 2. Bending modal shape of lower control arm 

 

Figure 3. torsional modal shape of lower control arm 

3. Modal test of lower control arm  

In order to verify the accuracy of modal analysis of 

lower control arm, elastic rope is adopted to suspend the 

lower control arm on the platform, and free-modal tests are 

conducted on the basis of hammer method [11,12] and LMS 

Test.Lab platform, The experimental equipment includes 

LMSTest.Lab13.0 test software, LMS data collector, DELL 

laptop, 4 pcs of 356A16 modal vibration sensor from PCB 

company, ICP hammer, network cable and BNC cable, as 

shown in Fig. 4. 

Since the lower control arm free-modal test needs to be 

placed in a free state, an elastic rubber cable is used to 

suspend the lower control arm in the test to make it in a 

balanced and free state. Six acceleration sensors are 

arranged on the arm, which should be placed as far as 

possible in obvious vibration. The channel of the hammer 

input is defined as the reference channel using the LMS 

Test.Lab test software. The direction of the excitation point 

should be consistent with the reference direction. Multi-

point input free modal test method for multi-point output 

response of excitation. Try to keep the magnitude of the 
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excitation force consistent during each excitation during the 

experiment. Each measurement point is unidirectionally 

excited five times. At the same time, the relationship 

between the excitation and response is checked to ensure 

that the coherence coefficient is close to 1. To ensure that 

the stimulus signal is valid. The excitation signal measured 

by the acceleration sensor is converted into a frequency 

response function by using LMS Test.Lab software. The 

resulting frequency response graph is shown in Figure 5. 

 

Figure 4. Modal test of lower control arm 

 

Figure 5. Frequency response graph 

The modal shapes of the lower control arm obtained 

through experiments are shown in Figures 6 and 7. The 

modal shapes are consistent with those of the previous 

analysis. 

 

Figure 6. Bending modal shape of lower control arm 

 
Figure 7. torsional modal shape of lower control arm 

What is shown in Table 2 is comparison of analysis 

value and test value of lower control arm modal frequency. 

As shown in Table 1, the analysis value of the lower control 

arm’s modal frequency is basically the same as the test 

value, and the relative errors of the first two orders are 1.5% 

and 3.3% respectively, which proves the accuracy of finite 

element modeling and analysis. 

Table 2. lower control arm modal frequency comparison 

 Test 

value/Hz 

Analysis 

value/Hz 

Relative 

error 

First-order modal 

frequency 
620.3 610.8 1.5% 

Second-order modal 

frequency 
717.2 693.5 3.3% 

4. Static strength analysis of lower control arm 

4.1. Force analysis of typical working conditions 

The typical working conditions of vehicles in the process 

of driving are divided into brake vertical impact and turning. 

The stress states of tyre junction under each working 

condition are calculated according to vehicle parameters. 

The relevant vehicle parameters of this electric vehicle are 

shown in Table 3 with obvious changes compared with the 

raw fuel vehicle. The structural optimization of the front 

suspension lower control arm should be carried out 

according to the whole vehicle parameters of electric 

vehicle. 

Table 3. Vehicle Parameters 

Parameter Value 

Mass on front axle 850 kg 

Mass on rear axle 950 kg 

Height of center of gravity 0.65 m 

Axle distance 2.6 m 

Wheelbase 1.6 m 

The braking conditions is taken as an example: 

 
1

2 2
Z F F R

H
F M g M M a

L
       (1) 

X ZF F  
                                                     (2) 

where: ZF
 is the vertical load on the tire junction of this 

type of electric SUV; 1XF
 is the longitudinal load on the 

tire landing place of this type of electric SUV; FM
 is mass 
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on the front axle; RM
 is mass on the rear axle; 

g
 is the 

acceleration of gravity; H  is the center of gravity height of 

; L  is the wheelbase ; 1a
 is the braking acceleration of 

type, which is 1.0 g; 


 is ground adhesion coefficient, 

which is 1.0 [13-15]. The stress at the tire junction can be 

obtained by the above vehicle parameters and the 

corresponding calculation formula, and the stress state at the 

tire junction in other working conditions can be obtained by 

analogy. 

4.2. Dynamic simulation analysis of front suspension 

The front suspension model is established based on the 

coordinate information, vehicle parameters and 

performance curve of the connection points of the electric 

vehicle front suspension system by using Adams/Car 

Platform [16], which is as shown in Fig. 8. The force states 

of the tire ground points under the above operating 

conditions are input into its front suspension model, so that 

dynamic simulation analysis can be performed to extract the 

load at the front and rear points and the outside points of the 

lower control arm respectively under braking vertical 

impact and turning conditions. 

 

Figure 8. Adams/Car model of front suspension 

4.3. Strength result analysis 

Based on Nastran software and using the inertial release 

method [17] to load the loads extracted from the multi-body 

dynamics model, as shown in Table 4. The forces in the 

table are the forces that the connector reacts on the lower 

control arm. The inertia release method is based on loading 

inertial force to balance the external load, make it balance, 

and then solve the stress distribution. The force balance 

equation of the inertial release method can be expressed as:  

  0}{
 




MF                                                              (3) 

 F
 is the external load matrix of the finite element 

element node, 
}{

 


 is the acceleration matrix of the finite 

element element node, and M is the mass matrix. By solving 

equation (3), the node acceleration and inertial force 

required to maintain balance at each node can be obtained, 

and then the inertial force of the node is loaded on the node 

as an external load, thereby constructing a self-balancing 

force system. Since the external load is balanced by the 

acceleration load of each node, the restraining force of the 

restraint point is zero, which can reduce the influence of 

restraint points on the stress results, improve the calculation 

accuracy, and obtain more reasonable stress results. If the 

inertial load is regarded as an external load, then the system 

will have the same external load and the inertial load under 

the constant acceleration state, that is, the static equilibrium 

state will be reached. 

the ultimate strength analysis was performed without 

any constraints. The strength analysis of the electric vehicle 

lower control arm is carried out to obtain its stress 

distribution under various working conditions. The inertial 

release method refers to solving the acceleration required by 

each node in order to maintain balance, and then obtaining 

the inertial force of each node, and then loading the inertial 

force of the node as an external force on the node of the 

finite element, then a self-balanced force system can be 

constructed. That is, the inertia force of the structure is used 

to balance with the external force.  

Table 4. Loads extracted from the multi-body dynamics model 

 X (N) Y (N) Z (N) 

 braking impact turning braking impact turning braking impact turning 

Outside 

point 
9317 -1938 266 -1840 -5000 -1124 306 -109 -54 

Front point -7573 1653 -219 12888 2762 1442 169 46 93 

Rear point -1744 285 47 -11048 2238 -318 -465 63 -39 
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What is shown in Fig. 9, Von Mises Equivalent stress 

contour plot of lower control arm braking condition. 

According to Fig. 9, the maximum stress of lower control 

arm during braking is 301.2 MPa, which is located at the 

front bend of lower control arm. This is because the whole 

axle load of the vehicle transfers to the front-end during 

braking, resulting in relatively large longitudinal stress. 

What is shown in Fig. 10, is the Von Mises Equivalent stress 

contour plot of lower control arm under the vertical impact 

condition. According to Fig. 10, the maximum stress value 

of the lower control arm during vertical impact is 98.7 MPa, 

which is located near the connection between the outer point 

of the lower control arm and the steering knuckle. Because 

the phenomenon of stress concentration at the outer point of 

the vehicle due to the vertical impact force acting vertically 

downward. As shown in Fig. 11, is the Von Mises 

Equivalent stress contour plot under lower control arm’s 

turning condition. It can be known from Fig. 11 that the 

maximum stress value of lower control arm during turning 

is 31.9 MPa. In practical engineering, the safety factor of 

the component is generally 1.2, and the yield strength of 

lower control arm material is 420 MPa. Allowable stress as 

the maximum stress value that the structure can withstand 

is equal to the yield strength of the material divided by the 

safety factor. that is the allowable stress is 350 MPa. 

Therefore, the maximum stress of the lower control arm 

under three typical working conditions is lower than its 

allowable stress, which conforms to the design requirements 

of ultimate strength characteristics. 

 

Figure 9. Von Mises Equivalent stress contour plot of lower control 

arm (braking condition) 

 

Figure 10. Von Mises Equivalent stress contour plot of lower 

control arm (vertical impact condition) 

 

 

Figure 11. Von Mises Equivalent stress contour plot of lower 

control arm (turning condition) 

5. Multi-disciplinary optimization analysis 

5.1. Establishment of optimization model 

In order to carry out lightweight design on the lower 

control arm and ensure its modal characteristics and 

strength performance, the thickness values of the upper and 

lower board and strengthened shaft tube of the lower control 

arm are taken as design variables, and the minimum mass 

of the lower control arm is taken as the target response 

function. Due to lower stress level of lower control arm in 

the vertical impact condition and turning condition, in order 

to improve optimization efficiency, that only the maximum 

stress under braking condition is lower than the allowable 

stress (350 MPa) and the first-order natural frequency is not 

lower than 95% (580.3 Hz) of the initial frequency is taken 

as constraint conditions to establish the optimization model. 
Minimize Weight (a,b,c) 

 Subject to    

4.2

350

580.3

Weight

Stess

Modal







＜

＜

＞

                               (3) 

where: Weight is total mass of lower control arm; Stress 

is the maximum stress of lower control arm under braking 

condition; Modal is the first inherent frequency of lower 

control arm; a is the thickness of lower control arm upper 

plate; b is the thickness of lower control arm lower plate; c 

is the thickness of strengthen shaft tube of lower control 

arm:  

5.2. Optimization results analysis 

Its finite element model, modal analysis, and strength 

analysis are integrated based on the optimization 

mathematical model and the Isight platform [18], as shown in 

Fig. 12. The lower control arm finite element model source 

file are imported into the HyperMesh assembly, the upper 

plate thickness, the lower plate thickness and the reinforced 

shaft tube thickness are processed by the input parameters 

analysis (parametric processing), and set as the design 

variable; its static strength analysis source file and its result 

file are imported into the Strength component, and the 

maximum stress in braking conditions is processed by 

output parameter analysis; its modal analysis source file and 

its result file are imported into the Mode component to 

analyze the output parameters of its first-order frequency; 

the neighborhood cultivation genetic algorithm, regards 

each target as equally important. The method of adjacent 
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breeding is achieved by sorting and grouping to cross, so 

that the probability of cross breeding of solutions close to 

the Pareto front is increased, and the calculation 

convergence process is accelerated. Improved efficiency is 

selected in the optimization component, and the target 

response function and design variable range are set to 

perform multidisciplinary optimization analysis of lower 

control arm. What is shown in Fig. 13 is the optimal 

iteration curve for the mass of lower control arm. After 99 

iterations of Iisght platform, the optimal design variables of 

lower control arm are finally obtained. Table 5 shows the 

comparison of parameters before and after optimization. 

According to Table 4, after optimization, the upper board 

thickness of lower control arm is 3.6 mm, the lower board 

thickness of lower control arm is 3.2 mm, and the 

strengthened shaft tube thickness of lower control arm is 3.5 

mm. 

 

Figure 12. Isight platform 

 

Figure 13. Mass optimization iteration curve of lower control arm 

Table 5. Comparison of Parameters before and after Optimization 

Parameters 
Before 

optimization 

After 

optimization 

Upper plate thickness/mm 4.0 3.6 

Lower plate thickness/mm 4.0 3.2 

Reinforced shaft tube 

thickness/mm 
4.5 3.5 

Lower arm weight/kg 4.2 3.5 

Maximum stress in braking 

conditions/MPa 
301.2 346.4 

Maximum stress in vertical 

impact conditions/MPa 
98.7 163.2 

Maximum stress in turning 

conditions /MPa 
62.5 135.3 

First-order frequency/Hz 610.8 585.7 

Second-order frequency/Hz 693.5 661.2 

 

Based on the optimal design variables, modal check 

analysis and strength check analysis are carried out on lower 

control arm. As shown in Table 3, the first two modal 

frequencies of lower control arm after optimization are 

585.7 Hz and 661.2 Hz, both of which are higher than 95% 

of the initial frequency. Their modal performances are 

approximately the same, and all meet the requirements of 

modal characteristics. The reduction of the thickness of the 

lower control arm plate will lead to a reduction in its 

stiffness, but to a certain extent, it has a small impact on the 

dynamic performance of the suspension. 

What is shown in Fig. 14 is the stress distribution cloud 

diagram which lower control arm’s braking condition after 

optimization is used. As can be seen from Fig. 12, after 

optimization, the maximum stress of lower control arm in 

braking is 346.4 MPa and lower than its permitted stress, 

which meets the strength design requirements. As can be 

seen from Table 4, the maximum stress of lower control arm 

under vertical impact and turning conditions is 163.2 MPa 

and 135.3 MPa respectively, and its strength safety 

coefficient is 2.6 and 3.1 respectively, both are lower than 

its allowable stress. After optimization, the mass of lower 

control arm is reduced to 3.5 kg, and 16.7% of the mass is 

successfully reduced, with relatively obvious overall 

optimization effect. 

 

Figure 14. Von Mises Equivalent stress contour plot of lower 

control arm optimization scheme (braking condition) 

6. Test and Analysis 

In order to verify and check the feasibility and accuracy 

of the lower control arm optimization scheme, the bench test 

platform of lower control arm is built, as shown in Fig. 13. 

The lower control arm is under the most stress during 

braking conditions. In order to verify the strength 

performance of the arm optimization scheme, the front and 

rear points of the arm are fixed, and a longitudinal load of 

9,500 N is applied to its outer point (based on the Adams 

model to extract the brake condition load), the schematic 

representation as shown in Fig. 14. After the test completed, 

the lower control arm does not crack and deform, so its 

strength analysis has high reliability. 

And tested for durability is necessary, the outer point and 

the front point of lower control arm are fixed, longitudinal 

force of 3,000 N in a sinusoidal manner is applied on the 

latter point with a frequency of 1 Hz, the schematic 

representation as shown in Fig. 15. And no cracking is 

found after the test is conducted for 300,000 cycles. 

Referring to Figure 15, a similar approach is taken to fix the 

front and rear points of lower control arm, and longitudinal 

force of 15,000 N in a sinusoidal manner is applied on its 



 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 1  (ISSN 1995-6665) 13 

external points with a frequency of 1 Hz, And no cracking 

is found after the test is conducted for 300,000 cycles. 

 

Figure 13. The bench test platform of lower control arm 

 

Figure 14. The schematic representation of Strength test 

 

Figure 15. The schematic representation of Durability test 

In order to further verify the reliability of lower control 

arm under the complete vehicle state, complete vehicle road 

reliability test is carried out according to design standards 

and specifications. The test roads are divided into 

expressway, twisted road, convex block road, long wave 

road, short wave road and washboard road. The test mileage 

is 50,000 km in total, and no abnormal vibration and 

cracking fault occur during the test. In conclusion, the entire 

finite element modeling, modal analysis, strength analysis 

and optimization design method have high accuracy and 

stability, which can provide reliable analysis methods and 

references for other similar structures. 

7. Conclusion 

1. The electric SUV lower control arm model is established 

by using finite element method on the Hypermesh 

software; the free modal analysis is carried out using 

Nastran software; the first and second order natural 

frequencies are 610.8 Hz and 693.5 Hz respectively. 

Free modal Test on lower control arm is conducted based 

on hammer method and LMS test. Lab platform, and the 

relative error between the Test value and the analysis 

value is within a reasonable range. 

2. On the basis of the lower control arm load extracted from 

the dynamics model of front suspension Adams/Car, the 

intensity analysis of the typical operating conditions is 

carried out to obtain that the maximum stresses in 

acceleration, turning and vertical conditions are 301.2 

MPa, 98.7 MPa and 62.5 MPa, which are all lower than 

its permitted stress. 

3. The multi-discipline and multi-objective optimization 

design are carried out on structure parameters of lower 

control arm using Isight platform to obtain the optimal 

value of its structural parameters. Namely: the thickness 

of lower control arm upper board is 3.6 mm, the 

thickness of lower board thickness is 3.2 mm, and the 

thickness of reinforced shaft tube is 3.5 mm. After 

optimization, the first and second order modal 

frequencies of lower control arm are 585.7 Hz and 661.2 

Hz respectively, which meets the requirements of modal 

characteristics; the maximum stress of lower control arm 

is 346.4 MPa, and its strength safety coefficient meets 

the actual engineering requirements; the mass of lower 

control arm is successfully reduced by 16.7%, with a 

significant lightweighting effect. 

4. The optimization scheme of lower control arm is 

analyzed using bench test and vehicle road test, which 

has successfully passed the test verification, so it has 

high accuracy and feasibility. 
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Abstract 

Aiming at the design and manufacturing problems of the spiral rotor of dual-rotor flowmeter, the profile characteristics and 

forming principles of the spiral rotor are analyzed, and the function equation of its cross-section profile curve is derived. Based 

on the analysis, a mathematical model for machining screw rotor with spherical milling cutter is established and the accurate 

three-dimensional modeling of spiral rotor parts is realized by using UG software. The simulation of the two rotors proves that 

the modeling method is reasonable and effective. Then using automatic programming and manual programming methods, a 

multi-axis NC machining program for the parts is written. The macro variable is introduced for the main program to call many 

times, which greatly simplifies the program structure, reduces the amount of program, and is easy to modify. The NC machining 

experiment of the spiral rotor with a standard ball-end milling cutter on a four-axis milling machining center is conducted. The 

results show that the screw rotor machined by the mathematical model has good quality. This programming and manufacturing 

method is very suitable for processing spiral rotors in multi-variety small batch production, and thus a high machining accuracy 

can be achieved. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

The dual-rotor flowmeter is an advanced volumetric 

flowmeter with the advantages of accurate measurement, no 

pulsation, low noise, and strong viscosity adaptability [1, 2]. 

The key functional part of the flowmeter is a pair of meshing 

spiral rotors. The spiral rotor is a special helical surface gear 

with a complex end profile, and its structural parameters 

directly affect the working performance of the flowmeter [3, 

4]. Based on the gearing theory, many researches relate to 

the geometry design, machining methods and machining 

tools of a screw rotor have been presented in references [5-

7]. Su et al. proposed the contact lines on rotor surfaces as 

design indices for rotor profile optimization [8]. Zhihuang 

Shen et al. put forward a digital graphic scanning (DGS) 

method based on computer graphics to generate the grinding 

profile of the rotor or the forming tool [9]. But these rotor 

profile design methods still have their technical limitations 

and the further research on geometric profile generation of 

the rotor should be carried out. Manufacturing of screw 

rotors is a complex process that can be achieved by using a 

special helical grinding machines and form tools [10-13]. Wu 

and Hsu proposed a general mathematical model to 

continuously machine screw rotors using worm-shaped 

tools [14]. However, such approaches are very expensive 

because the machine and the tools are designed specifically 

for the rotors. So, in general it is used for small varieties and 

large manufacturing batches.  

Due to the reasons such as actual production conditions 

and manufacturing costs, forming tools are generally not 

used to process spiral rotors in multi-variety small batch 

production in China. Unlike the form cutter which is 

necessary to redesign and manufacture for new type parts, a 

standard ball-end milling cutter can manufacture different 

types of screw rotors. Therefor the standard ball-end milling 

cutter is a great substitute for CNC milling [15-17]. So, 

cooperating with the related companies, we carry out the 

research on the digital accurate modeling of spiral rotors and 

multi-axis NC machining programming methods. 

2. Working principle and contour analysis of spiral 

rotor 

The working principle of the dual-rotor flowmeter is 

shown in Figure 1. The two helical rotors mesh with each 

other without active or passive distinction, which have the 

same tooth shape parameters and structural dimensions as 

well as opposite rotation directions. Under the action of 

fluid pressure, they rotate smoothly and uniformly in the 

direction shown by the arrow, and the fluid flows from the 

space between the cogging and the housing to the right pipe 

at the same time. The fluid flow rate is proportional to the 

number of rotor revolutions. To make the two rotors rotate 

smoothly without interference, the working tooth surfaces 

of the two rotors should be a pair of conjugate surfaces 

which can meet the basic law of tooth profile meshing. In 

order to meet the sealing requirements between the two 

rotors of the volumetric flowmeter, the teeth of the two 

* Corresponding author e-mail: 2814884634@qq.com. 



 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 1  (ISSN 1995-6665) 16 

rotors should be meshed with no 

backlash and no root clearance [18-21]. 

 

Figure 1. Working principle of the dual-rotor flowmeter 

There are many tooth shapes that can meet the above 

requirements according to the principle of meshing. 

Considering such factors as ease of manufacture and 

maximum volume space of the flowmeter, a composite 

tooth profile composed of involute curve and transition 

curve is designed and analyzed. The cross-sectional shape 

of the tooth profile is composed of a tooth top arc, involute 

curve, transition curve, and tooth root arc, as shown in Fig. 

2. So, the spiral rotor can be described as a helical gear with 

a large modulus and a small number of teeth. In order to 

meet the sealing requirements of the two rotors during 

meshing rotation, the double-sided tooth profile, tooth top 

circle and root circle of the rotor must participate in the 

meshing which is different from general helical gears. Due 

to the small number of teeth (e.g. only 4 teeth), the undercut 

phenomenon of the gear teeth will occur during the meshing 

transmission and the transition curve in the profile is 

formed. The spiral surface of the rotor is formed by the 

spiral movement of the end face tooth because of the plane 

meshing of the two rotors. Therefore, the core problem to 

be solved in the design and manufacture of the rotor is to 

accurately obtain the cross-sectional profile curve. 

 
Figure 2. Cross-sectional profile of spiral rotor 

3. Digital accurate modeling of spiral rotor 

According to the above analysis of the spiral rotor 

contour, a function equation expression can be established 

for each curve segment to obtain the profile curve of the 

spiral rotor section. The rectangular coordinate parameter 

equation is used for UG software modeling. 

3.1. Establishment of involute equation of sectional profile 

In the spiral rotor cross-sectional profile, the section 

adjacent to the tooth top arc is an involute curve. As shown 

in Fig. 3, the involute is a locus EPS formed by any point P 

on a straight line CP when the straight line makes a pure 

rolling along a base circle O with a radius rb. 

 

Figure 3. Establishment of involute equation of sectional profile 

In the figure, θ is the spread angle of the involute and t 

is the angle between the occurrence line and the y-axis. 

When the involute starts from the base circle and the X-axis 

intersection E, the values of t and θ both increase from 0. It 

can be seen from the figure that the X coordinate of any 

point P on the involute EPS is as follows:  

cos sinbx OA BP r t CP t                                   (1) 

Because the occurrence line cp makes a pure rolling 

along the basis circle o, the line CP is equal to the arc 

segment CE, that is: 

bCP r t 
 

Substituting the value of line CP into equation (1), the 

follow equation (2) can be obtained. 

cos sinb bx r t r t t 
                                               (2) 

Similarly, the y coordinate of any point P on the involute 

line is as follows: 

sin cos sin cosb b by AC BC r t CP t r t r t t     
  (3) 

Therefore, the rectangular coordinate parameter 

equation of the involute EPS is as follows: 

(cos sin )

(sin cos )

b

b

x r t t t

y r t t t

 


 
 (4) 

Correspondingly, the rectangular coordinate parameter 

equation of the involute EP1S1 in another direction 

symmetrical to the y-axis is: 

(cos sin )

( cos sin )

b

b

x r t t t

y r t t t

 


 
                                           (5) 

The parameter of the above curve function equation is t, 

1 2[ , ]t t t
. 

3.2. Establishment of the cross-sectional profile transition 

curve equation 

In the cross-sectional profile of the spiral rotor, the 

section adjacent to the tooth root circle is a transition curve, 

which is formed by undercutting of the gear teeth when the 

helical gear with a small number of teeth meshes. As shown 

in Figure 2 above, according to the principle of processing 

conjugate tooth profiles using Generating method, two pitch 
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circles of equal diameter on the rotor are tangent and roll 

without sliding when the two rotors are engaged for 

transmission. It can be regarded that one rotor is fixed, and 

the pitch circle of the other rotor makes pure rolling along 

the pitch circle of the fixed rotor. Since both the rotor tooth 

top circle and the tooth root circle participate in meshing in 

this process, the trajectory generated by rolling the tooth tip 

edge point B of the rotor tooth is the transition curve formed 

by undercutting of the two rotors. 

 

 

Figure 4. Establishment of the cross-sectional profile 

transition curve equation 

The coordinate system is now established with the fixed 

rotor section center O as the origin, as shown in Fig. 4. The 

initial tangent point of the two rotor pitch circles on the 

rolling rotor is point P. Line AB is the connection between 

the center A of the rolling rotor and the edge point B of the 

tooth top, and line AO is the connection of the two-rotor 

center. The initial angle between line AB and line AO is δ 

which is half of the circumferential angle of the tooth top 

circle tooth thickness corresponding to the circumferential 

angle. When the rolling rotor pitch circle rotates through the 

angle t by pure rolling along the fixed rotor pitch circle, the 

original rolling rotor center point reaches point C, the 

original tangent point P reaches point K, the original tooth 

tip edge point B reaches point D, and the tangent point of 

the two rotor pitch circles becomes point N. 

Because the two rotors have the same section shape, the 

base circle radius of both rotors can be set to rb, the radius 

of the tip circle of both rotors is ra, and the pitch radius of 

the two rotors is the average radius of the dividing circle r, 

therefor line AB and line CD are both equal to ra. It can be 

seen from Figure 5 that arc segment NK is equal to arc 

segment NP, so angle NCK and angle NOP are both t. 

Correspondingly: 

= -( -t-t- )=-( -(2t+ ))                                    (6) 

Let the coordinates of the edge point D of the rolling 

rotor tooth tip be (x, y), and the geometric vector 

relationship in the figure is shown as follows: 

= +OD OC CD                                                                        (7) 

= ,OD x y
                                                                                 (8) 

= 2 cos , 2 sinOC r t r t
                                                     (9) 

 cos , sina aCD r r                                                        (10) 

Substituting equation (6) into equation (10), the equation 

(11) can be obtained: 

 cos(2 ), sin(2 )a aCD r t r t                            (11) 

Substituting equations (8), (9) and (11) into equation (7), 

the follow equations can be obtained: 
 

  , 2 cos cos(2 ), 2 sin sin(2 )a ax y r t r t r t r t      (12) 

2 cos cos(2 )

2 sin sin(2 )

a

a

x r t r t

y r t r t





  


  
                           (13) 

 

The equation (13) is the rectangular coordinate 

parameter equation of the spiral rotor section profile 

transition curve, and the parameter of the function equation 

is t. 

In addition, during the pure rolling process of the two 

rotor pitch circles, the tooth top arc segment of the rolling 

rotor forms the tooth root arc segment of the other rotor, 

which is tangent to the transition curve segment. At this 

point, the form of each curve segment of the rotor section 

profile has been determined. 

3.3. Examples of spiral rotor modeling 

Given a pair of intermeshing spiral rotors, the known 

basic parameters are as follows: 

Table 1. Basic parameters of spiral rotors 

number 

of rotor 

teeth 

end 

modulus 

normal 

pressure 

angle (°) 

center 

distance 

between two 

rotors 

lead 
Length 

of rotor 

4 13.5 20 54 269 134.5 

According to the above basic parameters, it is easy to 

obtain other parameters required for modeling and 

designing the spiral rotor, such as the indexing circle radius 

r, the base circle radius rb, the tooth tip circle radius ra, the 

tooth root circle radius rf, the tooth tip circle tooth thickness 

Sa, and the tooth tip circle tooth thickness corresponding to 

the semicircle angle δ. Then, follow the basic steps to 

complete modeling by using UG software. 

1. The parametric equation (5) of the rotor cross-section 

profile involute and the parametric equation (13) of 

transition curve are both input through the “Expression” 

function of UG software, and an appropriate parameter 

value range is selected. Then high-precision function 

equation curves are generated by using the “law Curve” 

function. 

1 2[ , ]t t t
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2. The corresponding tooth top circle, tooth root circle and 

necessary auxiliary lines are drawn; then a single tooth 

profile curve is obtained by trimming and rotating to a 

suitable position of the corresponding curve and arc 

segments etc. 

3. And the complete rotor cross-section profile is obtained 

through the operations of arraying and trimming. 

4. On this basis, a corresponding space spiral is constructed 

as a guide line, and a three-dimensional digital model of 

a complete spiral rotor is generated after the sweep 

operation, as shown in Fig. 5. 

In the same way, another spiral rotor with opposite 

rotation can be modeled. 

 

Figure 5. Three-dimensional digital model of spiral rotor 

In order to verify the rationality of the above-mentioned 

modeling design method and results, the helical rotor digital 

model is simulated through UG software, as shown in Fig. 

6. Using the interference analysis function of UG software, 

it can be confirmed firstly that there is no interference 

between the working tooth surfaces that mesh with each 

other during the movement of the dual rotors. Then the 

rotating effects of the dual rotors under the pressure 

difference are simulated. Simulation results show that the 

meshing operation of the two rotors can be performed 

tightly and smoothly without interference. 

 

Figure 6. Meshing movement simulation of spiral rotor 

4. CNC machining of spiral rotor part 

4.1. CNC machining principle 

The final finish machining of the spiral rotor is processed 

by using a standard ball-end milling cutter in a four-axis 

milling machining center according to its structural 

characteristics. Before finish machining, the blank of rotor 

has to go through the processes such as rough turning, finish 

turning and rough milling, so as to get the semi-finished 

product with finishing allowance which is approximately 

consistent with the final contour shape. Then the semi-

finished product is processed by NC finish milling, and 

finally the four grooves at the end face of the rotor are 

milled to complete the part. The basic principle of NC finish 

milling of the semi-finished product is shown in Fig. 7, in 

which the rotary table on the machine tool drives the 

workpiece to rotate around the X axis to realize the A axis 

movement.  

 

Figure 7. NC milling principle by using a standard ball-end 

milling cutter 

During machining, the workpiece is linearly fed at a 

constant speed relative to the tool along the X axis, rotating 

at an average speed along the A axis, and the corresponding 

proportional relationship between the linear movement 

distance and the rotation angle is maintained. In this way, 

the tool will process a space spiral. Then the workpiece 

quickly reset, and the tool quickly moves to the starting 

point of the next spiral through linkage in the YOZ plane to 

processes the next spiral in turn until the milling of the entire 

spiral surface is completed. The milling technology 

parameters selected in NC finish milling are shown in Table 

2: 
Table 2. Milling machining technology parameters 

Cutter 

Diameter 

(mm) 

Cutter 

teeth 

Feed rate 

(mm/min) 

Spindle 

speed 

(rpm) 

Maximum 

allowable 

roughness 

Ra (μm) 

10 3 300 1200 3.2 

4.2. Compiling of CNC machining programs 

The essence of the NC program generated by computer-

aided automatic programming is using a series of small 

straight-line segments to approximate the spatial profile 

along each processing path. And there is a certain difference 

from the formation mechanism of the rotor spiral surface 

which is not conducive to accuracy improvement. 

Therefore, manual programming combined with automatic 

programming is used to compile CNC programming. First, 

according to the previously generated digital model of the 

spiral rotor, tool point data of the tool at the starting spiral 

point when milling each spiral are calculated by using the 

CAM module of UG software. Then according to the above-

mentioned principle of X and A axis linkage processing of 

spirals, manual programming is used to introduce macro 

variables. The tool point data at the starting cutting point of 

the spiral is used as values of macro variables to write the 

subroutine processing of the space spiral which can be 

called multiple times by the main program. This greatly 
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simplifies the program structure, reduces the program 

volume, and is easily modified. 

The planning of the machining path during 

programming can be based on the shape of the cogging and 

follows the principle of symmetry from the outside to the 

inside as much as possible. That is, the outermost profile 

spiral of the left and right sides of a cogging of the rotor is 

processed first separately, then the tool feeds a cutting row 

width along the Y and Z directions and processes the 

adjacent left and right profile spirals in sequence until a 

cogging cutting is completed. Then the same method is used 

to process the next cogging after rotating axis A for 90 

degrees. On this basis, the corresponding CNC machining 

program is obtained. According to the program, the 

simulation operation is carried out by Yulong's multi-axis 

CNC machining simulation software. Then, the actual 

cutting experiment is carried out on the 4-axis machining 

center equipped with FANUC series 0i-MC CNC system. It 

takes about 180 minutes to complete the CNC finish milling 

of a rotor part. The accuracy and surface roughness of the 

finial part obtained can meet the requirements. The 

machined part is shown in Fig. 8. The machined cross-

sectional profile of the rotor is consistent with the designed 

one, as shown in Fig. 9. Experiments show that the 

programming method is simple, efficient and effective.  

 

Figure 8. Machined part 

 

 

Figure 9. machined cross-sectional profile of the rotor in 

comparison with the designed one. 

5. Conclusions 

In this paper, the principle of forming the profile of the 

spiral rotor part is analyzed. The function equation of its 

cross-sectional profile curve is derived based on gear 

meshing theory and the three-dimensional accurate 

numerical model is constructed by using UG software. The 

automatic programming combined with the manual 

programming is used to write NC machining program for 

spiral rotors. A machining method with standard ball-end 

milling cuter is used in NC machining according to the 

characteristic of the helical surface, and the results show 

that the method fully meets the accuracy requirements of 

screw rotor. The simulation and actual numerical control 

machining experiments proves the correctness and 

efficiency of the mathematical model. The method provided 

in this paper can better solve the technical problems of 

processing the spiral rotor with standard tools under the 

existing production conditions, and has a certain application 

prospect.  

Compared with the previous rotor profile design and 

machining methods, the method provided in this paper has 

the following advantages:  

1. A three-dimensional accurate numerical model of new 

type rotor can be conveniently generated by changing 

the basic parameters of the rotor in the software using 

the parametric model constructed in this paper.  

2. The macro variable is introduced for the main program 

to call many times, which greatly simplifies the program 

structure, reduces the amount of program, and is easy to 

modify. 

3. The multi-variety small batch screw rotors can be 

manufactured with low cost by using standard milling 

cutters whose manufacturability and exchangeability are 

better.  

4. According to the surface measurement results of the trial 

product, the machining technology parameters can be 

easily adjusted through the cutter length and radius 

compensation.  

But the cutting efficiency of this method is lower than 

that of other methods such as grinding or machining with 

forming cutter, which is its technical limitation.   
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Appendix 

The part code of NC machining program for spiral rotor 

parts is shown below: 

O5002 

G0G54Z100G90  

X-5.Y0 

M3S3500 

G10L2P1X-396.Y-236.05Z-365.98 

N1 

G10L2P1A0 

#101=24.633 

#102=37.234  

M98P502 

#101=24.633  

#102=36.634  

M98P502   

#101=24.633  

#102=36.034  

M98P502  

#101=24.633  

#102=34.943  

M98P502 

#101=23.650  

#102=34.906  

M98P502 

#101=23.022  

#102=34.869  

M98P502 

……… 

……… 
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Abstract 

The effects of exhaust gas recirculation (EGR) rate on homogeneous charge compression ignition (HCCI) combustion and 

emission of free-piston diesel engine generator (FPDEG) was investigated by using a three-dimensional (3-D) computational 

fluid dynamics (CFD) model of FPDEG. In the 3-D CFD model of FPDEG, the diesel mechanism with 109 species and 543 

reactions was incorporated into the combustion model, and the soot and NOx production were calculated by Hiroyasu-NSC 

model and 12 steps NOx model. The simulation results showed that the EGR rate had great influence on the HCCI combustion 

and emission performance of FPDEG. As the EGR rate was changed from 0 to 10%, the HCCI combustion phase of FPDEG 

slightly lagged, the peak value of heat release, the maximum in-cylinder temperature and pressure and the NOx content 

significantly decreased, but SOOT content increased. When the EGR rate was 20%, the HCCI combustion of FPDEG was 

incomplete, and the UCH, SOOT and CO content all obviously increased. 
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1. Introduction 

The innovation of energy utilization technology has 

become an urgent issue due to the growing fossil fuel 

consumption and environmental pollution. Homogenous 

charge compression ignition (HCCI) combustion, one of 

new combustion modes, has been widely investigated 

owing to its high efficiencies and low emissions [1]. 

Onishi et al. first introduced HCCI in the experiments of 

two-stroke gasoline engines [2]. Najt et al. extended HCCI 

to four-stroke gasoline engines and found that HCCI mainly 

controlled by chemical kinetics [3]. Ryan et al. conducted 

the early HCCI combustion research work of diesel fuel and 

discovered that the operation of diesel HCCI engine mainly 

relied on EGR rate, compression ratio and air-fuel ratio [4]. 

Christensen et al. also carried out the research of diesel fuel 

HCCI combustion and obtained the acceptable ranges of 

compression ratios and mixture intake temperature [5]. 

In the recent decades, in addition to conventional 

internal combustion engines, HCCI is also operated on the 

free-piston engine generator (FPEG). FPEG has simple 

structures and high conversion efficiency and can give full 

play to the advantages of HCCI combustion [6, 7]. Bergman 

and Fredriksson integrated one-dimensional gas dynamics, 

SENKIN chemical kinetics, and KIVA-3V CFD simulation 

platform to compare the HCCI combustion of FPEC and 

combustion of conventional diesel engines and found the 

optimal working conditions [8]. Chiang et al. [9] presented 

the simulation research of a spark ignition (SI)/HCCI FPEG 

with electric mechanical valves. 

Exhaust gas recirculation (EGR) is one of the most 

effective means to control the ignition time and combustion 

progress of HCCI. Tsolakis et al. [10] conducted the 

experiments of EGR system in a diesel engine, and found 

that EGR can effectively reduce smoke and NOx emissions. 

Jamal et al. came to the same conclusion as Tsolakis [11]. 

Yap et al. [12] found that EGR can affect the HCCI 

combustion characteristics of fuel and then control the 

ignition time. 

It is necessary to choose the precise chemical reactions 

to study the HCCI combustion of diesel fuel. Nowadays, 

there exists a lot of chemical models of diesel surrogates. 

Previously, n-heptane, a single-component surrogate, has 

been proposed to represent diesel fuel [13]. However, the 

drawbacks of single-component surrogate are obvious. 

Currently, multi-component surrogate models, including 

the aromatic components, have been proposed for diesel 

fuel [14].  

In this paper, the 3-D CFD FPDEG model coupling the 

109 species detailed diesel mechanism was created to 

investigate the effects of EGR rate on HCCI combustion and 

emission performance. 

2. 3D CFD modeling and verification  

The key to modeling is to obtain the piston motion law 

of FPDEG. The method of zero-dimensional models to 

calculate the piston motion law of FPEG can be found in 

literature [15]. 

* Corresponding author e-mail: lch994211@163.com. 
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The main simulation parameters of CFD model are as 

follows: the bore is 60 mm, the maximum effective stroke 

is 61.5 mm, the maximum total stroke is 98 mm and the 

moving mass of the piston assembly is 6 kg. Figure 1 

displays the moving mesh model of FPDEG combustion 

chamber. The number range of the structural cartesian grid 

of the moving mesh model was 14620-1340888. The 

boundary condition of temperature defined of cylinder wall, 

cylinder head and position was 450 K, 500 K and 550 K 

separately. 

 

 
Figure 1. The moving mesh model of FPDEG combustion chamber 

The 109 species and 543 elementary reactions 

mechanism of diesel developed by Wang was adopted in the 

combustion model of FPDEG [14]. The soot and NOx 

formation were calculated using the Hiroyasu-NSC model 

and the 12 steps NOx model separately. 

The main parts of FPDEG experiment prototype include: 

two opposed-piston two-stroke FPEGs, high-pressure 

common rail system of diesel fuel, exhaust system, linear 

motor, motor control system, load system and test system. 

The experiment results of FPDEG experiment prototype can 

be found in literature [15-17]. Figure 2 showed the 

calculation and experiment results of the in-cylinder 

pressure of the FPDEG. It was seen that the calculation 

results from the 3-D CFD FPDEG model were close to the 

experiment results, which proved the validity of the 3-D 

CFD FPDEG model. 
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Figure 2. The calculation and experiment results of in-cylinder 

pressure 

3. The effects of EGR rate on the combustion and 

emissions of FPDEG 

Figure 3 and Figure 4 showed the effects of EGR rate 

on the combustion and emissions of the FPDEG with the 

initial intake temperature of 345 K, equivalence ratio of 

0.335, initial in-cylinder pressure of 0.114 MPa, and 

compression ratio of 20.2, separately. From the Figure 3, we 

can see that as the EGR rate increased (from 0 to 10%), the 

combustion phase lagged (the crank angle position of the 

first peak value was from 177° to 178°), peak value of heat 

release (from 312 J/° to 124 J/°), maximum in-cylinder 

temperature (from 2006 K to 1863 K) and in-cylinder 

pressure (from 13.8 MPa to 12.4 MPa) significantly 

decreased, and as the EGR rate was 20%, the HCCI 

combustion of FPDEG is an incomplete combustion, which 

was due to the increase of exhaust gas in the mixture. From 

the Figure 4, we can see that while the EGR rate increased 

(from 0 to 10%), the NOx content significantly decreased 

(from 1.08 g/kg fuel to 0.1 g/kg fuel), but SOOT content 

increased (from 0.004 g/kg fuel to 0.03 g/kg fuel), and as 

the EGR rate was 20%, due to the incomplete HCCI 

combustion, the UCH, CO and SOOT content were all high. 

 

 

 

 

 

 

 

 

 



 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 1  (ISSN 1995-6665) 25 

75 100 125 150 175 200 225 250
300

600

900

1200

1500

1800

2100
 EGR  0

 EGR  10%

 EGR  20%

 

 

T
em

p
er

at
u

re
/K

Crank angle/°         
100 120 140 160 180 200 220 240

0

2

4

6

8

10

12

14

 

 

P
re

ss
u

re
/M

P
a

Crank angle/°

 EGR  0

 EGR  10%

 EGR  20%

 

170 175 180 185 190

0

50

100

150

200

250

300  EGR  0

 EGR  10%

 EGR  20%

 

 

H
ea

t 
re

le
as

e 
ra

te
/(

J/
d

eg
)

Crank angle/°  
Figure 3. The effect of EGR rate on combustion 
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Figure 4. The effect of EGR rate on emissions 
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4. The effects of EGR rate on temperature and species 

concentration field distribution 

Table 1-Table 4 demonstrated the calculated 

concentration field distribution in the cylinder of C7H8, 

C7H16, NO and CO respectively. Table 5 showed the 

temperature field distribution in the cylinder. The CA10, the 

10% cumulative heat release crank angle position, indicates 

the beginning of combustion. The CA50, the 50% 

cumulative heat release crank angle position, indicates the 

combustion phase. The CA90, the 90% cumulative heat 

release crank angle position, indicates the end of 

combustion. 

Table 1. C7H8 concentration field distribution in the cylinder of FPDEG 

EGR rate CA10 CA50 CA90 

0    

10%    

20%    

 

Table 2. C7H16 concentration field distribution in the cylinder of FPDEG 

EGR rate CA10 CA50 CA90 

0    

10%    

20%    

 

Table 3. CO concentration field distribution in the cylinder of FPDEG 

EGR rate CA10 CA50 CA90 

0    

10%    

20%    

 

Table 4. NO concentration field distribution in the cylinder of FPDEG 

EGR rate CA10 CA50 CA90 

0    

10%    

20%    

 



 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 1  (ISSN 1995-6665) 27 

Table 5. The temperature field distribution in the cylinder of FPDEG 

EGR rate CA10 CA50 CA90 

0    

10%    

20%    

From Table 1 to Table 5, we can see that, with the EGR 

rate of 0 and 10%, at the process of HCCI combustion, the 

temperature of the piston bowl was the maximum (about 

1070 K), where the fuel (C7H8 and NC7H16) was first 

oxidized, while NO and CO were first produced; At the end 

of the HCCI combustion, the temperature, NO and CO 

concentration distribution were relatively uniform, and the 

fuel was completely consumed. However, with the EGR 

rate of 20%, the fuel (C7H8 and NC7H16) was not 

completely consumed, the temperature and CO 

concentration nearby piston bowl were the highest, and NO 

basically did not produce. 

5. Conclusions 

The simulation results of the 3-D CFD FPDEG showed 

that as the EGR rate increased (from 0 to 10%), the HCCI 

combustion phase of FPDEG slightly lagged, the peak value 

of heat release, the maximum in-cylinder temperature and 

pressure and the NOx content significantly decreased, but 

SOOT content increased. However, when the EGR rate was 

20%, the HCCI combustion of FPDEG will be an 

incomplete combustion, and the UCH, SOOT and CO 

content all obviously increased. In addition, for the EGR 

rate of 0 and 10%, the temperature of the piston bowl was 

the maximum, where the fuel (C7H8 and NC7H16) was first 

oxidized, while the pollutants of NO and CO were first 

produced; at the end of the HCCI combustion, i.e. the CA90, 

the temperature (about 2000 K and 1850 K), NO and CO 

concentration distribution in the cylinder were relatively 

uniform, and the fuel (C7H8 and NC7H16) in the cylinder 

was completely consumed. 
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Abstract 

Because the motion state of electric robot cannot be determined, the result of planning has the phenomenon of moving 

collision in many environments. Therefore, a space trajectory planning method of electric robot based on Unscented Kalman 

filter is proposed. Through the working environment of electric robot, the kinematics and dynamics of electric robot are 

analyzed from the aspects of position, attitude and pose. According to the analysis results, the space trajectory constraint of 

electric robot is set, and the real-time motion state of electric robot is detected by using Unscented Kalman filter technology. 

The space trajectory planning of electric robot is completed by smoothing the space trajectory Stroke. The experimental results 

show that the collision times of the robot are reduced in both fault free and multi fault environments, which improves the 

accuracy of space trajectory planning and shortens the moving time of the robot. 
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1. Introduction 

Robot is a kind of machine which can automatically 

perform work, including all the machines that simulate 

human behavior or thoughts and other creatures. In modern 

industry, robot is a kind of man-made machine that can 

automatically run tasks, which is used to replace or assist 

human work. Generally, it is an electromechanical device 

controlled by computer programs or electronic circuits. 

Based on the application environment, Chinese roboticists 

divide robots into two categories: industrial robots and 

special robots. The so-called industrial robot is a multi-joint 

manipulator or multi degree of freedom robot facing the 

industrial field. In addition to industrial robots, special 

robots are all kinds of advanced robots that are used in non-

manufacturing industries and serve human beings [1]. 

International roboticists divide robots into two categories 

based on application environment: industrial robots in 

manufacturing environment and service and humanoid 

robots in non-manufacturing environment, which is 

consistent with China’s classification. Electric robot is a 

kind of industrial robot, which is mainly responsible for the 

inspection of power equipment in substations or other 

power systems. The working process of the robot is to 

perform specific motion to meet the specific work needs, 

and trajectory planning is an important part of the robot’s 

work, which is based on the task needs and the robot’s own 

motion ability. The path planning method can be divided 

into two aspects: for the mobile robot, the path planning 

which means to move is preferred, for example, what kind 

of path the mobile robot will follow when the robot has a 

map or does not have a map; for the industrial robot, it 

means two directions, the curve path of the end of the 

mechanical arm, or the position of the operating arm in the 

movement process; the curve outline of displacement, 

velocity and acceleration. For the same task, its motion track 

may not be unique, different tracks have different operation 

indexes, such as running time, running energy consumption, 

running stability [2]. Based on realizing the requirements of 

motion function, trajectory planning can optimize these 

indexes to obtain a motion scheme with shorter time, lower 

energy consumption and less impact. 

Researchers at home and abroad have done a lot of 

research work on the path planning methods of robots. The 

related researchers abroad have proposed the random 

landmark method and the flexible polyhedron search 

algorithm, which are very effective in solving the path 

planning problems of multi DOF robots. Chinese scholars 

have also proposed a sub group optimization algorithm, 

which regards a single robot as a particle to achieve optimal 

search. This method is used for multi robot collaborative 

path planning [3]. However, the obstacle avoidance 

problem of robot movement is not considered in the existing 

robot space trajectory planning methods, so the robot will 

encounter collision phenomenon when it moves according 

to the planned path, and the number of collisions is more, 

which will not only affect the working efficiency and results 

of the electric robot, but also shorten the service life of the 

electric robot.  

After a long time of research and analysis, it is found that 

the problem of high collision rate in the traditional space 

trajectory planning of electric robot is mainly due to the fact 

that the real-time motion state of the robot is not considered 

in the planning process, so the Unscented Kalman filter 

technology is applied to the space trajectory planning of the 

* Corresponding author e-mail: mynameiskc11@163.com. 
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robot, and the optimal trajectory planning method is 

obtained. Kalman filter is an algorithm that uses the linear 

system state equation to estimate the system state optimally 

through the system input and output observation data. Since 

the observation data includes the influence of noise and 

interference in the system, the optimal estimation can also 

be regarded as the filtering process [4]. The unscented 

Kalman filter is different from the extended Kalman filter, 

as it is an approximation of the probability density 

distribution. Because the higher-order terms are not 

ignored, the accuracy is higher when solving the 

nonlinearity. The core idea of Unscented Kalman filter 

Transformation: approximate a probability distribution ratio 

to approximate any nonlinear function or nonlinear 

transformation. Through the reference of Unscented 

Kalman filter technology, the collision free path planning in 

three-dimensional space is completed to ensure that the 

robot can better complete the work of the power operation 

production line. 

2. Space trajectory planning of electric robot based on 

Unscented Kalman filter 

The purpose of spatial trajectory planning of electric 

robot is to realize the non-collision inspection of electric 

robot. Therefore, in this spatial trajectory planning, it is 

necessary to optimize the trajectory from two aspects, 

namely, the inspection movement of robot and the spatial 

movement change of robot arm and joint [5]. 

2.1. Establish working environment of electric robot 

The three-dimensional position parameters of the target 

are obtained by the trigonometry and parallax. On the 

premise of knowing the relative position relationship 

between the two cameras and the internal parameters of the 

camera, only the parallax of the features of the object needs 

to be known to obtain the spatial coordinates or dimensions 

of the object [6]. The environment image coordinate system 

is shown in Figure 1: 

 

Figure 1. Environment image coordinate system 

According to Fig. 1, u     rectangular coordinate 

system is defined in the obtained picture, and the 

coordinates of its pixel points refer to the rows and columns 

in the sequence, so 
 ,u v

 is the coordinates of the image 

coordinate system in pixels. 

Since  ,u   only represents the number of columns and 

rows in which the pixel is located, to describe the pixel 

position in the image, a coordinate system with physical 

equivalent meaning needs to be established. Therefore, a 

coordinate system parallel to the  ,u  -axis is established, 

and the x-axis corresponds to the u -axis, and the y-axis 

corresponds to the  -axis [7]. Where  ,u   is the 

coordinate in pixels and 
 ,x y

 is the image coordinate in 

millimeters under the image coordinate system. Then the 

position of any pixel of the image has the following 

corresponding relationship in the two coordinate systems: 

0
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u u
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y
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
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                                                                   (1) 

where 
 0 0,u v

 represents the position of the 

coincidence point between the optical axis of the camera 

and the image plane in the xy coordinate system. By 

transforming the above formula into the form of 

homogeneous coordinates and matrix, it can be concluded 

that: 
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                                           (2) 

In the formula, z  represents the state vector of the 

matrix. 

The inversion is as follows: 

0
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1 0 0 1 1
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                           (3) 

When the camera is shooting an object, the real 

coordinates of the object and the image coordinates 

obtained by shooting have a unique projection relationship 

[8]. On the premise of knowing the geometric structure 

parameters of the camera, it can be obtained by the similar 

triangle principle: 
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                                                           (4) 

where ez
 is the depth and e

f

z
 is the scale ratio. 

Perspective projection can only ensure the correspondence 

between image points one by one and projection lines, that 

is, the same point on the image corresponds to a series of 

points on the projection line. It is obvious that the depth 

information of spatial points is lost in this process, which 

just shows that the determination of 3D objects requires two 

or more cameras [9].  

The position of 3D space point in camera coordinate 

system can be obtained by image coordinate calculation, 

namely: 
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where ez
 is the parameter related to the true distance 

between the subject and the camera. Thus, the mapping 

transformation from 3D environment image to 2D image is 

realized. 

2.2. Kinematic analysis of robot 

The robot is generally composed of actuator, driving 

device, detection device, control system and complex 

machinery, among which the actuator is the robot body, the 

motion pairs are often called joints, and the number of joints 

is usually the number of degrees of freedom of the robot. 

The relevant parts of the robot body are often called base, 

waist, arm, wrist, hand and walking part [10]. The driving 

device is the mechanism that drives the actuator to move. 

According to the command signal sent by the control 

system, the robot moves with the help of power 

components. It inputs electrical signal and outputs line and 

angle displacement. The detection device is a real-time 

detection of the robot’s movement and working conditions. 

It feeds back to the control system according to the needs. 

After comparing with the set information, the actuator is 

adjusted to ensure that the robot’s action meets the 

predetermined requirements [11]. The control system is 

centralized control, that is, all the control of the robot is 

completed by a microcomputer. Based on the establishment 

of the working environment of the electric robot, the 

kinematics analysis of the robot is realized from the 

position, posture and pose of the robot. 

2.2.1. Robot position 

The position description of a point P in the space is 

shown in Figure 2. Set the point P in the built rectangular 

reference coordinate system a. 

 

Figure 2. Location description 

Its coordinates can be expressed as a matrix of 3 x 1: 
T

A

x y zP p p p                 
                           (6) 

2.2.2. Robot posture 

Determine the pose of the robot in the three-dimensional 

space, establish the rectangular coordinate system B, and 

place it on the object, where  represents the rotation 

matrix, and the elements in the matrix represent the 

direction cosine of each unit vector in the coordinate system 

B and the unit vector corresponding to the reference 

coordinate system a: 
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           (7) 

The result of formula (7) is the attitude of electric robot 

B in coordinate system a. 

2.2.3. Posture of robot 

By synthesizing the position matrix in coordinate 

system, a described in equation 6 and the attitude 

transformation matrix described in equation 7, the position 

and attitude of a rigid body in the coordinate system can be 

described. The transformation formula is as follows: 

   A A

B BoB R p
                                           (8) 

where 
A

Bop
 represents the position matrix of the origin 

of coordinate system B in reference coordinate system [12]. 

2.2.4. Forward kinematics of robot 

When the angular velocity of the two driving wheels is 

known, set the left and right angular velocities of the electric 

robot as rq
 and lq

 respectively, so as to find out the 

moving track of the electric mobile robot: 
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                           (9) 

where,   is the angle of rotation of the robot after time 

t, and   is the initial attitude of the robot. 

2.3. Robot dynamics analysis 

The electric robot system is a multivariable and 

nonlinear kinematic coupling system. In order to further 

study the dynamics related problems, it is necessary to 

establish the dynamics model of KUKA robot [13]. The 

definition of Lagrangian function L is the difference 

between the kinetic energy k and potential energy P of the 

system, namely: 

L K P                                                            (10) 

where the difference between K and P is independent of 

the coordinate system position. The dynamic state equation 

of electric robot can be expressed by Lagrangian function L 

as follows: 
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where, iq
 is the generalized coordinate selected by the 

robot, iq
 is the generalized speed, iF

 is the force or 

moment applied on the ith coordinate, and n is the number 
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of connecting rods. The kinetic energy of connecting rod i 

is: 

1 1

1
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i i

i i i j k

j k i ji
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K dK tr I q q
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where iI
 is the pseudo inertia matrix [14]. The total 

kinetic energy of the robot system can be expressed as: 
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(13) 

According to the potential energy of particle DM at any 

position on the connecting rod, the dynamic equation of n-

joint electric robot system is obtained as follows: 
0T T i

i idP dmg r g T rdm                              (14) 

2.4. Set the space trajectory constraint of electric robot 

In order to study the working space of the manipulator, 

it is necessary to determine the range of rotation of each 

joint of the manipulator. For UR5 manipulator, although the 

range of the motor to allow the joint angle to rotate is - 360 

 - + 360  at each joint of the manipulator, due to the design 

of the mechanical structure of the manipulator itself, there 

are conflicts (overlaps, intersections, etc.) between the links 

of the manipulator at some joint angle positions, so not all 

joints of the manipulator can be - 360  - + 360  in any case 

Turn in range [15]. It is an essential step to determine the 

motion range of each joint of the manipulator or find out the 

constraints of the motion range of each joint angle. 

The conflicts between the connecting rods of the 

manipulator are mainly intersection and overlap. The study 

of the possibility of such conflicts between the connecting 

rods is equivalent to the study of the collision avoidance 

between the connecting rods [16]. The connecting rod of the 

mechanical arm can be regarded as different line segments. 

In order to prevent the collision between the connecting rods 

of the mechanical arm, and as long as the distance between 

these lines in space is skillfully proved to be greater than the 

sum of the radius of the corresponding two connecting rods, 

its mathematical expression can be expressed as follows: 

 ,i j i jd l l r r 
                                                          (15) 

where, il  represents the segment corresponding to the 

manipulator link I, 
 ,i jd l l

 represents the shortest 

distance between segment il  and jl
, ir  represents the 

radius of the manipulator link corresponding to segment il

, and jr
 is the known parameter of the manipulator [17]. Let 

the coordinates of the two endpoints of segment il  be 

 1 1 1, ,x y z
 and 

 2 2 2, ,x y z
, and the coordinates of the 

two endpoints corresponding to segment jl
 be 

 3 3 3, ,x y z
 

and 
 4 4 4, ,x y z

. Let Q be any point on the connecting rod 

il  of the mechanical arm of the electric robot, then the 

coordinate 
 , ,x y zQ Q Q

 of Q can be expressed as: 
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                                          (16) 

where s is the parameter. If W is any point on the 

connecting rod jl
, the coordinate of W can be obtained, and 

the parameter in W coordinate is t [18]. If the values of the 

parameters s and t obtained from this system of equations 

do not satisfy the conditions in formula (17), then the 

shortest distances from points 
 1 1 1, ,x y z

 to, 
 2 2 2, ,x y z

 

to jl
, 
 3 3 3, ,x y z

 to il , and 
 4 4 4, ,x y z

 to il  can be 

obtained respectively. 
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                                                          (17) 

Then compare the four distances, the smallest of which 

is the shortest distance 
 ,i jd l l

 between il  and jl
. The 

length and radius parameters of the connecting rod of the 

mechanical arm of the electric robot are shown in Table 1. 

Table 1. Length and radius of connecting rod of mechanical arm 

of electric robot 

connecting rod i length/mm radius/mm 

1 89.159 60 

2 425 54 

3 392.25 40 

4 93 45 

5 94.65 45 

6 82.3 45 

Similarly, the range of joint angular motion of electric 

robot can be calculated, as shown in Table 2. 

Table 2. movement angle range of each joint of mechanical arm 

Joint angle i Minimum range of 

motion 

Maximum angle of 

motion 

1 -360 360 

2 -360 360 

3 -145 145 

4 -180 0 

5 -360 360 

6 -360 360 

In practical engineering application, in order to ensure 

that the tool end can rotate freely and as much as possible, 

that is to say, when the sixth joint rotates, the tools and 

instruments at the end will not touch the mechanical arm 

itself, it is necessary to further limit the rotation range of the 

fourth and fifth joints [19]. 

2.5. Real time motion detection of electric robot based on 

Unscented Kalman filter 

In order to achieve the purpose of research, this paper 

uses MATLAB software to obtain the waveform of the 

electric robot, which lays the foundation for the follow-up 

research. Figure 3 shows the waveform of the Unscented 
Kalman filter installed on the electric robot. 
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Figure 3. Waveform of Unscented Kalman filter 

The initial state and variance are assumed to be: 
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Then the initial state and variance of the whole 

dimension are respectively: 
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At k-1 moment, select 1

a

kx   from sigma point, to select 

the corresponding mean and variance weights. Through the 

nonlinear state equation, the mean and variance of the state 

prediction of electric robot can be obtained, and the state 

update and prediction of electric robot can be realized [20]. 

2.6. Space trajectory planning of electric robot 

In the working environment of electric robot, the space 

trajectory planning of electric robot is realized by 

generating path points from two aspects of joint and 

movement. 

2.6.1. Joint trajectory planning of electric robot 

In the process of electric robot motion, an interpolation 

function about the joint angle of the starting point and the 

ending point is used to describe the motion track, in which 

the joint angle of the starting point is known, and the joint 

angle of the ending point can be obtained through kinematic 

solution. There are many smoothing functions that can be 

used as joint interpolation functions. In order to realize the 

smooth movement of a single joint of the palletizing robot, 

the trajectory function must meet at least four constraints, 

namely the joint angle corresponding to the starting point 

and the ending point, the joint speed of the starting point and 

the ending point [21]. In the process of trajectory planning, 

the two adjacent path points are regarded as the starting 

point and the ending point respectively, then the 

interpolation function is determined, and finally the path 

points are smoothly connected [22-24]. 

2.6.2. Path planning of electric robot avoiding obstacles 

Figure 4 is a schematic diagram of the path planning of 

the wheeled mobile robot with or without obstacles between 

two states, where 1or  and 2or  are the outer envelope radius 

of the obstacles, and 1osr
 and 2osr

 are the outer envelope 

radius after the safety dimension is increased. 

 

Figure 4. Path planning of electric robot with or without obstacles 

between two states 

The solid line in Figure 4 (a) is the planning track 

between state 0p
 and State fp

 when there is no obstacle, 

but when there are obstacles 1o
 and 2o

, the original 

planning track (dotted line in Figure 4 (b)) can no longer 

meet the requirements and needs to be re planned to meet 

the requirements. The re planned track curve after 

considering the size of obstacles and safe obstacle 

avoidance is realized in Figure 4 (b) [25]. 

2.6.3. Planning track smoothing 

Planning trajectory curve is a kind of controllable free 

curve, which has geometric invariance, convexity and 

symmetry. The direction of the curve is only related to the 

vertex and sequence of the feature polygon, not to the 

selection of the current coordinate system [26]. Using this 

kind of curve to smooth the path of electric robot, the path 

sequence of the algorithm can be taken as the feature vertex 

directly without additional interpolation. At the same time, 

the smooth path enables the omnidirectional robot to avoid 

the time loss at the turning point of the path, and ensures the 

consistency of the robot’s motion [27]. The smoothing 

results of the spatial planning trajectory of electric robot are 

shown in Figure 5. 

 
Figure 5. Smoothing results of spatial planning trajectory of 

electric robot 
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3. Experimental results and analysis 

In order to prove the application performance of the 

designed space trajectory planning method of electric robot 

based on Unscented Kalman filter in actual electric power 

work, the space trajectory planning method of electric robot 

based on random landmark method, the space trajectory 

planning method of electric robot based on flexible 

polyhedron search algorithm and the space trajectory 

planning method of electric robot based on subgroup 

optimization algorithm are set up. As an experimental 

comparison method, under the same working environment, 

the corresponding planning results are obtained 

respectively, and the quantitative comparison results are 

obtained by counting the relevant parameters of the robot in 

the work. 

3.1. Experimental platform 

The control system software of electric robot takes 

Visual Stiudio 2018 integrated development environment as 

the experimental platform, combines Microsoft’s Windows 

XP based operating system, uses C + + language to 

program, selects SCARA electric robot as the research 

object, and uses the above four methods to plan its space 

trajectory. The SCARA electric robot is shown in Figure 6. 

 

Figure 6. SCARA electric robot 

The GUI of MATLAB is used to write the simulation 

interface of electric robot to display the pose matrix and 

Euler angle of the robot end actuator. The simulation 

platform of electric robot is shown in Figure 7. 

 
Figure 7. Simulation platform of electric robot 

3.2. Parameter configuration 

Through the simulation platform of electric robot, when 

the kinematic characteristics of the target electric robot are 

determined, the parameters that are useful for the kinematic 

transformation of electric robot are selected for 

configuration, which do not include the length and rotation 

of all connecting rods. The specific configuration 

parameters of the experimental objects are shown in Table 

3. 

Table 3. Parameter configuration of electric robot 

Parameter 

exponent 
Parameter value Parameter representation 

TRAFO6_

KINCLAS

S 

1 Type of kinematics used 

TRAFO6_

NUM_AX

ES 

5 
The joint axis / DOF of the target 

robot is 5 

TRAFO6_

MAIN_AX

ES 

2 
Type of basic joint sequence you 

need to use joint order 

TRAFO6_

AXIS_SEQ 
6 

Whether the fourth joint and the 

first hand joint are parallel or 

reverse parallel to the basic joint 

of the last rotation type 

TRAFO6_

A4PAR 
1 Type of kinematics used 

TRAFO6_

AXES_TY

PE 

[3,1,3,3,3] 

The type of each joint of the robot, 

is it a moving joint or a rotating 

joint 

TRAFO6_

AXES_DI

R 

[2,1,3,4,5] 

Whether the positive direction of 

each joint of the target robot 

rotates and moves in accordance 

with the mathematically 

predefined positive direction in the 

module 

TRAFO6_

MAMES 
[1,1,1,1,1] 

Angular deviation of mechanical 

zero point and mathematical zero 

point on each joint 

TRAFO6_

MAIN_LE

NGTH_AB 

[0.0,0.0,0.0,0.0,0.

0] 

Connecting rod length in basic 

joint 

TRAFO6_

TIRORO_

POS 

[0.0,500.0] 
The frame shift of the front 

T_IRO_RO of electric robot 

TRAFO6_

TIRORO_

RPY 

[0.0,0.0,500.0] 
The frame rotation of the 

frontT_IRO_RO of electric robot 

TRAFO6_

TX3P3_PO

S 

[0.0,0.0,90.0] 
T_X3_P3 frame deviation in the 

middle of electric robot 

TRAFO6_

TX3P3_RP

Y 

[300.0,0.0,200.0] 
Rotation of T_X3_P3 frame in the 

middle of electric robot 

… … … 

The controller with the same specification is installed on 

the configured electric robot. The purpose of installing the 

controller is to ensure that the electric robot can move 

according to the planned trajectory in the actual operation. 

Figure 8 shows the staff debugging the controller. 
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Figure 8. Schematic diagram of controller debugging 

In this comparative experiment, the spatial trajectory and 

joint trajectory of electric robot are tested respectively, and 

the collision times, path length and movement time of 

different planning results are compared in different 

environments 

where, P is the position matrix of the robot, and the three 

elements in the matrix are the coordinate components of P 

point in three directions. 

3.3. Mobile planning function test 

3.3.1. Accessible environment 

Barrier free environment means that there are no other 

interference factors in the experimental environment except 

for electric robots and electric equipment. The space 

trajectory of electric robot is divided into six parts. The 

space trajectory planning method of electric robot based on 

random road sign method, the space trajectory planning 

method of electric robot based on flexible polyhedron 

search algorithm, the space trajectory planning method of 

electric robot based on sub group optimization algorithm 

and the space trajectory planning method of electric robot 

based on Unscented Kalman filter are used to make 

statistics The operation indexes of multiple robots are 

shown in Table 4 and Table 5. 

From the data in Table 4 and Table 5, it can be seen that 

under the environment of no obstacle interference, the space 

trajectory planning method of electric robot based on the 

sub group optimization algorithm will have two collisions. 

The total space trajectory of the planned electric robot is 

4.775 m, and the moving time of the robot is 39 s. There 

will be three collisions in the space trajectory planning 

method of electric robot based on the random landmark 

method. The total space trajectory of the planned electric 

robot is 5.054 m, and the moving time of the robot is 44.4 s. 

Based on the flexible polyhedron search algorithm, there 

will be four collisions in the space trajectory planning 

method of electric robot. The total space trajectory of the 

planned electric robot is 5.557 m, and the moving time of 

the robot is 50.4 s. However, no collision is found in the 

experiment by using the trajectory planning method 

designed in this paper. Compared with the space trajectory 

planning method of electric robot based on the sub group 

optimization algorithm, the planned trajectory is 0.407 m 

shorter and the moving time of the robot is saved by 1.8 s. 

Table 4. Comparison between Subgroup Optimization Algorithm and Unscented Kalman Filter 

Stage 

Global 

planning 

time (s) 

Spatial trajectory planning method 

of power robot based on sub-group 

optimization algorithm 

Space trajectory planning of electric robot based on Unscented Kalman 
filter 

  
Trajectory 

(m) 

Time 

consuming 

(s) 

Collision 

times 

(time) 

Trajectory (m) Time consuming (s) Collision times (time) 

1 1.239 0.711 6.3 1 0.700 6.1 0 

2 0.535 0.909 7.8 0 0.906 7.3 0 

3 0.212 0.828 6.9 0 0.823 6.5 0 

4 0.123 0.973 8.1 1 0.796 7.9 0 

5 0.114 0.739 4.8 0 0.568 4.6 0 

6 0.265 0.615 5.1 0 0.575 4.8 0 

合计 2.488 4.775 39 2 4.368 37.2 0 

Table 5. Comparison Results Based on Random Path Method and Flexible Polyhedron Search Algorithm 

Stage 

Global 

planning 

time (s) 

Spatial trajectory planning method 

of power robot based on stochastic 

routing method 

Spatial trajectory planning method of power robot based on flexible 

polyhedron search algorithm 

  
Trajectory 

(m) 

Time 

consuming 

(s) 

Collision 

times 

(time) 

Trajectory (m) Time consuming (s) Collision times (time) 

1 1.239 0.823 7.1 1 0.912 8.1 0 

2 0.535 0.811 7.4 0 0.902 8.2 1 

3 0.212 0.832 7.2 0 0.952 8.5 1 

4 0.123 0.845 7.5 1 0.916 8.4 0 

5 0.114 0.866 7.4 0 0.940 8.6 1 

6 0.265 0.877 7.8 1 0.935 8.6 1 

Total 2.488 5.054 44.4 3 5.557 50.4 4 
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3.3.2. Multi obstacle environment 

Based on the barrier free environment, multiple 

obstacles are added to the experimental environment. The 

obstacles introduced in this experiment are divided into 

moving obstacles and fixed obstacles. The trajectory 

planning results obtained by using four spatial trajectory 

planning are shown in Figure 9. 

 
Figure 9. Comparison results of spatial trajectory planning in multi 

obstacle environment 

It can be seen intuitively from the figure that in the first 

stage of trajectory planning, the trajectory results obtained 

by the design planning method in this paper do not coincide 

with the obstacles and their motion tracks, while the 

planning results of the spatial trajectory planning method of 

electric robot based on the sub group optimization algorithm 

overlap with the obstacles in two places, and the spatial 

trajectory planning method of electric robot based on the 

random landmark method. And the planning results of the 

space trajectory planning method of electric robot based on 

the flexible polyhedron search algorithm coincide with the 

obstacles many times. According to the statistics, there are 

32 obstacles in the whole experiment. The number of 

collisions of the trajectory planning method based on the 

sub group optimization algorithm is 11, and the 

corresponding collision rate is 34.3%. However, the number 

of collisions of the trajectory planning method designed in 

this paper is 6, that is, the collision rate is 18.7%. In contrast, 

in the multi obstacle environment, the space trajectory 

planning of the robot is designed. The collision rate of the 

planning results is reduced by 15.6%. 

3.4. Joint planning function test 

The test of joint planning function is to plan the data 

reading track of electric robot when it performs patrol 

inspection task, carry out specific test for the track of 

multiple joints in electric robot, count the number of 

collisions between each joint and other electric equipment 

when it performs patrol inspection task, and the final 

statistical results are shown in Table 6. 

 

 

Table 6. Comparison results of joint planning function test 

Space trajectory 

planning method 
  

Collision times 

Joint 1 Joint 2 Joint 3 Joint 4 

 

Spatial trajectory 

planning method of 

power robot based 

on sub-group 

optimization 

algorithm 

1 2 3 1 3 

2 3 3 1 1 

3 1 2 4 3 

4 2 2 3 4 

5 3 3 2 3 

6 4 4 2 2 

Space trajectory 

planning of electric 

robot based on 

Unscented Kalman 

filter 

1 0 0 1 2 

2 1 1 0 0 

3 0 1 3 2 

4 3 1 2 2 

5 0 0 0 3 

6 2 2 1 1 

Spatial trajectory 

planning method of 

power robot based 

on stochastic routing 

method 

1 2 1 2 3 

2 2 2 1 1 

3 1 2 4 3 

4 2 2 3 3 

5 1 1 1 4 

6 1 3 2 2 

Spatial trajectory 

planning method of 

power robot based 

on flexible 

polyhedron search 

algorithm 

1 1 2 2 3 

2 3 2 1 1 

3 2 2 4 3 

4 2 2 3 3 

5 1 2 2 4 

6 3 3 3 3 

By synthesizing the four joints of the electric robot, it 

can be found that the total number of joint collisions of the 

spatial trajectory planning method of the electric robot 

based on the sub group optimization algorithm is 61 times, 

the total number of joint collisions of the spatial trajectory 

planning method of the electric robot based on the random 

landmark method and the spatial trajectory planning method 

of the electric robot based on the flexible polyhedron search 

algorithm are 49 times and 57 times respectively In this 

paper, the total number of joint collisions is 28, which is 33 

times lower than the total number of joint collisions based 

on the sub group optimization algorithm. 

3.5. Trajectory planning error 

In order to further verify the effectiveness of this 

method, the spatial trajectory planning method of electric 

robot based on random road sign method, the spatial 

trajectory planning method of electric robot based on 

flexible polyhedron search algorithm, the spatial trajectory 

planning method of electric robot based on subgroup 

optimization algorithm and the spatial trajectory planning 

method of electric robot based on Unscented Kalman filter 

are studied The results of human space trajectory planning 

are compared with the actual planning results, and the 

comparison results are shown in Figure 10. 

Space trajectory planning method of electric robot 

based on Unscented Kalman filter

Space trajectory planning method of electric robot based 

on sub group optimization algorithm

Space trajectory planning method of electric robot based 

on random landmark method

Space trajectory planning method of electric robot based 

on flexible polyhedron search algorithm
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Figure 10. Comparison of trajectory planning errors 

According to Figure 10, the spatial trajectory planning 

results of electric robot based on Unscented Kalman filter 

are basically consistent with the actual planning results, 

while the spatial trajectory planning methods of electric 

robot based on random road sign method, the spatial 

trajectory planning methods of electric robot based on 

flexible polyhedron search algorithm and the power robot 

based on subgroup optimization algorithm. The space 

trajectory planning results of electric robot based on robot 

space trajectory planning method are quite different from 

the actual planning results, which shows that this method 

can accurately plan the space trajectory of electric robot. 

To sum up, applying the unscented Kalman filter 

technology to the space trajectory planning method of 

electric robot, the collision times of electric robot moving 

are reduced no matter in the barrier free or multi barrier 

environment, which realizes the design purpose of the space 

trajectory planning optimization method of electric robot. 

4. Conclusion 

China’s electric robot market is the fastest growing and 

most dynamic electric robot market in the world, which 

brings great opportunities to the generation and 

development of electric robots in China. However, with the 

deepening of economic globalization, it is foreseeable that 

foreign large-scale robot companies will vigorously enter 

into the robot market. Due to the accumulation of 

technology and experience, Chinese robot companies still 

have a huge gap with foreign robot companies. Therefore, it 

is an urgent task to develop various functional modules of 

industrial robots with independent intellectual property 

rights as soon as possible. In view of the collision of 

traditional spatial trajectory planning methods for electric 

robots, which results in a long time and inaccurate trajectory 

planning, the optimal design of spatial trajectory planning 

method for electric robots is realized by using unscented 

Kalman filter. Firstly, the working environment of the 

electric robot is built. In this environment, the kinematics of 

the robot is analyzed, and the dynamics of the robot is 

analyzed. According to the analysis results of the 

kinematics and dynamics of the electric robot, the space 

trajectory constraint of the electric robot is set. Using 

unscented Kalman filter technology, the real-time motion 

state of the electric robot is detected, and then the spatial 

trajectory planning results of the electric robot are obtained 

by smoothing the spatial trajectory. Compared with the 

traditional space trajectory planning method, it is found that 

the collision times of the robot are reduced in the fault-free 

and multi fault environment.  

Through the research of this paper, it can be concluded 

that using the trajectory planning method designed in this 

paper, no collision is found in the experiment. Compared 

with the space trajectory planning method based on sub 

group optimization algorithm, the planning trajectory is 

shorter by 0.407m and the robot motion time is saved by 

1.8s. The number of collisions is 6, that is, the collision rate 

is 18.7%. 
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Abstract 

The vehicle is interfered by the lateral wind in the traditional anti-skid control method, which results in a bad anti-skid 

control effect of electric vehicle torque drive. For this reason, a method of torque adaptive drive anti-skid control for electric 

vehicle is proposed. In order to realize the driving force control of distributed driving electric vehicle, the driving motor is 

modeled and simplified. A battery model was established to analyze the influence of the bus voltage fluctuation on the motor 

torque response. The power system model is added to the existing vehicle model to complete the simulation model design of 

the distributed drive electric vehicle. According to the characteristics of the friction circle of the tire, the driving torque of the 

driving wheel is analyzed. In order to resist the influence of interference factors on vehicles during vehicle movement, through 

the concept of vehicle stability control, the left and right driving torque is dynamically adjusted by using the obtained ideal 

driving force distribution ratio of front and rear axles. The simulation results show that the proposed method can effectively 

increase the driving torque and improve the fitting coefficient of the driving anti-skid torque. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

Keywords: Distributed drive; Drive skid control; Driving force distribution; Dynamical system modeling; 

1. Introduction 

Automobile is an important industry of national 

economy. As a big country of automobile production and 

sales, China is not a strong country, and the technology of 

independent products is still weak. We should grasp the 

opportunity of the development of electric vehicles, achieve 

the leap of automotive core technology, reach the 

international advanced level. With its unique advantages 

(more controllable degrees of freedom), high-performance 

distributed drive electric vehicles will occupy a place in the 

field of electric vehicles [1]. 

There are many types of electric vehicle drive motors, 

such as dc motor, ac induction motor, permanent magnet 

synchronous motor and so on. The following is a brief 

description of its characteristics. Distributed drive electric 

vehicle is an electric vehicle that is powered by one or more 

groups of vehicle-mounted power sources to provide power 

to the drive motor of the wheel, so as to distribute a single 

controllable drive system to each wheel [2]. The so-called 

distributed drive electric vehicle (dev) is an electric vehicle 

that is powered by one or more sets of on-board power 

sources for each wheel’s drive motor. In this way, a separate 

controllable drive system is distributed to each wheel. 

Traditional distributed drive electric vehicles can better 

realize the power distribution and control by taking 

advantage of their own structural advantages [3]. For 

example, the increase and decrease of driving motor torque 

can be used to realize the drive anti-skid control. Driving 

force distribution is realized by using the advantages of 

independent control of driving motor and response speed. 

The driving anti-skid system controls the sliding rate of the 

driving wheel in the vicinity of the optimal sliding rate, so 

as to ensure that the driving wheel has the best longitudinal 

driving force and the ability to resist lateral interference. 

UOT Electric March II is an Electric car with two front 

wheels driven by an Electric motor [4]. The control 

algorithm of anti-skid drive and anti-lock braking is verified 

by controlling the wheel slip rate, and the concept of 

recognizing the wheel roll state by the driving force of the 

wheel is put forward. Some domestic scholars use the 

sliding mode control theory to achieve the drive anti-slip 

control. The control method of the synovial variable 

structure is to build the sliding mode surface by the slip rate 

error and the rate of error change. So it can achieve the 

purpose of controlling the roller slip rate. This method has 

good robustness, but its control principle leads to a high 

frequency switching of the slip rate on the synovial surface, 

which will cause the chattering of the drive motor and 

seriously affect the effect of the drive anti-slip control [5]. 

In order to solve the disturbance caused by side wind and 

buffeting of driving motor in the traditional anti-skid control 

method. An adaptive anti-skid control method for electric 

vehicle torque based on objective optimization is proposed. 

The effectiveness of the proposed method is verified by 

experiments. 
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2. Electric vehicle torque adaptive drive skid control 

2.1. Objective optimization of power control algorithm 

Based on the driving force control of distributed driving 

electric vehicles, the problem of the friction coefficient 

mismatch between the tire and the road caused by the torque 

of the driving motor and the slip of the driving wheel is 

studied. Under the condition of studying the driver's 

longitudinal intention, the car has the biggest problem of 

resisting lateral interference, that is, the problem of the 

driving force and ideal distribution between the front axle 

of the distributed drive electric vehicle [6]. In order to carry 

out research, firstly, an equivalent dynamic system model 

of distributed drive EV is established. Through this model, 

a model is sought to reflect the torque response 

characteristics of the motor. It can reflect the torque 

response caused by the battery bus voltage fluctuation 

problem. And the required model can meet the requirements 

of real-time simulation to prepare for the rapid prototyping 

of control algorithms in the future. In the distributed driving 

ev power system, the performance of the battery directly 

determines the performance of the vehicle [7]. Therefore, in 

the electric vehicle simulation, the battery model is an 

important link, it is very necessary to study the battery 

comprehensively and systematically. But the 

electrochemical reaction process of the battery is extremely 

complicated. It involves multidisciplinary fields, such as 

chemistry, electricity, heat, especially in the charging and 

discharging process, and all the performance parameters of 

the battery. For example, electromotive force and internal 

resistance, state of charge, Coulomb efficiency, self-

discharge rate, and temperature, etc. can all affect each 

other, and there is a complicated relationship [8]. In this 

paper, the influence of bus voltage fluctuation on motor 

torque response is mainly concerned with distributed 

electric vehicle driving, so only a simplified internal 

resistance model is established. Although the internal 

resistance model is simple, it can reflect the basic 

characteristics of battery charging and discharging process, 

such as bus voltage fluctuation, the influence of temperature 

on the internal resistance, and the change of battery charge. 

This model is simple, universal, and convenient for 

simulation [9]. The following figure is the schematic 

diagram of the internal resistance model of the battery. 
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Figure 1. Internal resistance model of battery 

In the vehicle model, the road adhesion coefficient is an 

important parameter to calculate the tire. The road adhesion 

coefficient where the wheels are located will change with 

the vehicle’s track. In order to adapt to the change of the 

road adhesion coefficient with the track. This paper also 

models the road input, the idea of which is to set the road 

adhesion and the coordinate range [10]. When the center of 

mass of the wheel moves to this coordinate, the road 

adhesion input model will output the adhesion coefficient 

under the current road surface as a parameter to calculate 

the current tire force. This paper illustrates how to use the 

road adhesion input model by taking the docking road as an 

example. The simplified internal resistance model 

simplifies the battery into the series of voltage source and 

internal resistance, and its basic voltage balance equation is 

as follows: 

 =E RI U                                                  (1) 

where E  is the electromotive force of the battery, R  is 

the internal resistance of the battery, I  is the current, and 

U  is the bus voltage of the battery. Battery electromotive 

force E  is determined by temperature Tess and battery 

charge Soc , and its functional expression is:
 

 = /f(Soc,Tess) pE E                                 (2) 

The internal resistance R  of the battery is determined 

by the battery temperature Tess , the battery charge Soc  

and the demand power p . The functional expression is as 

follows: 

 lim
2 ( , )x

E E
R

f soc tess

 
                                (3) 

where is the ( )f p  lookup table function. Then the 

power balance equation of the battery can be further 

obtained: 
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where, 
limP  is the charging and discharging power of the 

battery after power limitation. The charging and discharging 

current of the battery can be simplified as follows: 
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As an emerging form of automobile, distributed drive 

electric vehicle has its unique advantages and many 

theoretical problems have not been solved. The state has 

carried out major basic project research (research on key 

basic issues of high-performance distributed drive electric 

vehicles) to provide theoretical support for the development 

of distributed drive electric vehicles. This research is not 

only of great significance to social environment and 

resource issues, but also a major strategic demand for 

national development [11]. The research is carried out from 

the two directions of driving anti-skid and driving force 

distribution. In the aspect of driving anti-skid control, 

firstly, the basic principle of driving anti-skid control and 

the estimation of reference speed are studied in detail, and 

finally, the driving anti-skid control logic for distributed 

driving electric vehicles is designed [12]. The distribution 

of driving force of distributed driving electric vehicles is 

divided into two parts: one is the ideal distribution of 

driving force in front and rear axle; the other is the dynamic 

adjustment of driving force from left to right. The 

distribution of driving force front and rear axle is a method 

to ensure the maximum lateral force allowance while 

ensuring the longitudinal acceleration of the vehicle. 

Dynamic adjustment of driving force from left to right is to 

dynamically adjust the driving torque from left to right 

based on the ideal distribution of driving force of front and 

rear axles to ensure the lateral stability of the vehicle [13]. 

Due to the minimum operating current limitation in the real 

battery system, when the battery charging current is 

recorded as a negative value, the minimum operating 

current of the battery is the maximum charging current. In 

order to prevent the charging current from being too large, 

the minimum current needs to be limited in the model. In 
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the actual ev, due to the road condition or the driver, the 

power of the driving motor is often greater than the 

maximum power provided by the battery [14]. In order to 

be closer to the actual physical system, the model limits the 

external power demand. When the demand power of each 

driving wheel is greater than the maximum discharge power 

of the battery, the discharge power of the battery is limited. 

2.2. Modeling of auto adaptive drive anti-skid control 

system 

The longitudinal driving force of the vehicle is provided 

by the interaction between the tire and the ground. The 

adhesion coefficient of the road surface directly affects the 

longitudinal driving force, and the adhesion coefficient of 

the road surface has a nonlinear relationship with the slip 

rate of the vehicle. Through many experiments, the 

researchers proved that when the vehicle wheel slip rate is 

within a certain range, the maximum road use adhesion 

coefficient can be obtained. When the modified rotational 

slip rate becomes the optimal slip rate, the vehicle can 

obtain the maximum driving and braking force [15]. The 

larger driving force and braking force can guarantee the 

vehicle’s handling stability and dynamic performance, so 

the optimal slip rate can be obtained and controlled in the 

optimal range, which can improve the vehicle performance. 

In order to make the magnetic flux density generated by 

PMSM close to sinusoidal distribution, the rotor magnetic 

steel is designed as a parabola [16]. In order to eliminate 

harmonic magnetomotive force, the stator windings are 

connected with a star. When the stator winding is connected 

with three-phase sinusoidal alternating current, the stator 

winding will generate a rotating magnetic field. The rotating 

magnetic field and the constant magnetic field generated by 

the permanent magnets of the rotor will influence each other 

to push the rotor to rotate. According to the above working 

principle of permanent magnet synchronous motor, it can be 

known that as long as the phase and frequency of three-

phase sinusoidal ac power supply of stator winding are 

changed, the speed and position of the rotor can be 

controlled [17]. Fuzzy control is a control method based on 

fuzzy mathematical theory, which represents control 

variables by fuzzy sets. By refining human thinking and 

logical reasoning methods, human experience rules are 

transformed into reasoning rules of logical operations, and 

then the controller ACTS on the control object to achieve 

the control effect on the controlled object [18]. In the 

simulation control system, the most commonly used control 

method is PID control, its control system principle block 

diagram is shown in the figure. 

PID control belongs to A linear control method [19], 

which constitutes the control deviation according to the 

given target value ( )r t  and the actual output value ( )e t , 

namely ( ) ( ) ( )e t r t y t  . Then carry out proportional, 

integral and differential calculation on the control deviation 

( )e t , and then add up the results of the three operations, 

and the control output ( )u t  of the PID controller is 

obtained. In the continuous time domain, the expression of 

PID control algorithm is as follows: 

 
 

   

y t
1

2e t r t
  

                                (6) 
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Figure 3. Skid control structure of electric vehicle 

As the main controlled object of the electric vehicle, the 

driving motor’s performance directly affects the 

performance of the vehicle. Therefore, we need to establish 

the mathematical model of the motor and analyze it [20]. 

The motor is a complex physical system. In order to 

facilitate the analysis, the following assumptions are made 

in the modeling process: 

1. The inductance of the motor is constant. 

2. Ignore rotor damping. 

3. The permanent magnetic field is sinusoidal. 

4. The stator winding magnetic field is sinusoidal. 

5. The stator windings are symmetrically distributed, 
and the axes differ from each other by 120 
electric angles. 
Based on this, the control strategy can be divided into 

two layers according to the function. The upper layer is the 

torque distribution control layer, and the lower layer is the 

driving anti-skid control layer [21-23]. Based on the fuzzy 

self-tuning PID control, the lower controller adopts the 

optimal sliding rate control strategy to control the sliding 

rate of the left and right driving wheels respectively to keep 

them near the optimal sliding rate. The two layers of control 

complement each other, which not only guarantees the 

stability of the vehicle when turning, but also makes full use 

of the adhesion coefficient of the ground, and improves the 

dynamic performance of the vehicle. The control structure 

is shown in the figure. 

According to the automobile theory, when the wheel 

enters the state of sliding rotation during the driving 

process, the angular acceleration of the wheel will increase 

rapidly, and the sliding rate of the wheel will also increase 

sharply. Therefore, the angular velocity of the wheel can 

reflect whether the vehicle is in a state of skidding to some 

extent. There is an important relationship between wheel 

slip rate and wheel angular acceleration. Therefore, an anti-

slip control algorithm based on wheel angular acceleration 

and reference slip rate is proposed to combine the two as the 

input of the controller. The observation model of wheel 

angular acceleration and reference slip rate is derived. The 

drive anti-skid control method based on the optimal slip rate 

can solve the problem of excessive sliding of the drive 

wheel when the electric vehicle accelerates rapidly to a 

certain extent. However, there are also some defects, such 

as drive torque fluctuations, speed detection difficulties. In 

order to solve the above problems, a driving anti-skid 

control method based on wheel angular acceleration and 

reference slip rate is proposed. This control method can 

monitor the wheel angular acceleration in real time and 

predict the change of slip rate according to the positive and 

negative of the angular acceleration. The reference slip rate 

is used to estimate the speed. Therefore, it can effectively 

make up for the shortcomings of the control method based 

on the optimal slip rate. 

2.3. Realization of anti-skid control of electric vehicle 

drive 

Vehicle drive skid control system (ASR) belongs to 

vehicle traction control system (TCS), which is a kind of 

vehicle active safety control. Driving anti-skid control can 

control the wheel slip rate within a reasonable range, so that 

the wheels can obtain greater adhesion. It can prevent the 

vehicle from over-driving the wheels to slip during starting 

or accelerating, resulting in reduced longitudinal driving 

force and vehicle side adhesion. The drive skid control can 

effectively improve the stability and safety of the vehicle. 

With the development of pure electric vehicle (ev) has 

become a hot topic among researchers from all over the 

world, the research and development of anti-skid driving 

system has attracted more and more attention. One of the 

most important parts of the automobile drive anti-skid 

control system is the control method of the drive anti-skid 

system. At present, the logic threshold control method is 

used in most of the widely used drive anti-skid products. 

The logic threshold control method does not involve 

specific mathematical model, avoids complex theoretical 

calculation and analysis, and simplifies the controller design 

process. However, the controller threshold value can only 

be obtained through repeated tests, which is largely 
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dependent on experience and has no sufficient theoretical 

basis. In addition, the vehicle's dynamic characteristics and 

road attachment conditions will change in real time during 

actual operations. Therefore, the robustness of logic limit 

control is not enough to satisfy the control effect of the 

vehicle under different conditions. The torque control of 

each wheel of distributed drive ev is independent of each 

other, so its driving force distribution scheme is varied. 

Also, since the driving force of each wheel is independently 

controllable, there is no need to add additional equipment 

for the driving force control of each driving wheel, and the 

driving anti-skid control system can be used at a lower cost. 

The purpose of this paper is to study a method of reasonably 

distributing the driving force of the front and rear axles to 

drive the wheels under the condition of ensuring the 

longitudinal force. So that the vehicle has the largest lateral 

force margin during driving. During driving, to resist lateral 

interference and ensure the lateral stability of the vehicle 

during driving. In actual electric vehicle systems, there are 

various forms of interference. For example, the drive motor 

drive torque expression error interference (the so-called 

drive motor drive torque expression error interference, such 

as a torque command of 100 N/m from the upper control 

system). And the actual output torque of the drive motor is 

80 N/m, and yaw operation deviation is likely to occur. With 

the help of ESP, a driving force control algorithm for 

dynamic adjustment of left and right driving forces is 

designed to make the car more stable during driving. The 

relationship between slip rate and road adhesion coefficient 

can be seen that with the change of tire slip rate, both 

longitudinal and lateral road adhesion will change. In order 

to ensure a good longitudinal adhesion, lateral adhesion and 

not too much loss, it is necessary to control the tire slip rate 

in a certain range. The basic idea of logic threshold control 

is to control the tire slip rate between S (S is the specified 

slip rate range of vehicle tires). To ensure that the car tires 

have greater longitudinal adhesion during driving. In order 

to ensure the driving dynamic performance, there must be 

greater lateral adhesion to ensure the steering of the vehicle 

and prevent sideslip. 

As can be seen from Fig. 4, the optimal adhesion 

characteristics of tires can be guaranteed as long as the 

control of wheel slip rate is maintained. Vehicle dynamics 

is mainly to study the vehicle motion under various working 

conditions, including longitudinal motion, lateral motion 

and vertical motion. Longitudinal dynamics mainly studies 

the dynamic response of vehicles in the longitudinal 

direction under driving and braking conditions. Lateral 

dynamics mainly studies the dynamic response of the 

vehicle in the lateral direction and the lateral characteristics 

of tires under the influence of steering wheel Angle input or 

crosswind. Vertical dynamics studies the dynamic response 

of vehicles in vertical direction, and mainly analyzes the 

vibration, pitch and other motion of vehicles under the 

excitation of road surface. An effective tool to study the 

dynamic characteristics of vehicles under various operating 

conditions is to establish mathematical models of vehicles. 

The mathematical model can express the motion state of the 

vehicle in the form of mathematical equation, and further 

study the vehicle dynamics. CarSim software was used to 

parameterize the vehicle model, including rolling resistance 

and air resistance characteristics of the vehicle, yaw 

moment of inertia, nonlinear tire sidetracking 

characteristics, steering gear ratio and other parameters 

[24]. The formula of longitudinal slip rate of wheels in the 

process of automobile driving is as follows: 

 S 100%
2

R

E I


 

  
                               (7) 

It can be seen from the formula that the wheel slip 

rate is determined by the vehicle speed and wheel 

speed. As long as the wheel speed is controlled, the 

purpose of controlling the wheel slip rate can be 

achieved. When a car is running, almost all external 

forces, except air resistance, act on the tires through 

the ground. The motion characteristics of the vehicle 

are closely related to the forces exerted on the tires, so 

the tire model has a great impact on the accuracy and 

reliability of the simulation results. Further calculate 

the anti-slip control program, and the iterative process 

is as follows: 
1. Specify the population size, that is, how many 

individuals are in each generation. Using a large 

population scale, the genetic algorithm can search the 

space more thoroughly, but will make the genetic 

algorithm run slowly. Here, the initial population scale 

is set to 200. That is to seek the optimal solution of tire 

model parameters among 200 vectors. 

2. The genetic algorithm iterates with the mechanism of 

superior and slight elimination to eliminate the 

individuals with small fitness and select the high-quality 

individuals with large fitness for reproduction. The best 

individual is selected through a sorting algorithm. This 

sorting algorithm measures the pros and cons of 

individuals based on the order of individual fitness 

values rather than the size of individual fitness. Thereby 

eliminating the influence of original fitness. 

3. High quality individuals produce offspring through 

crossover and mutation. Crossover is when two good 

individuals swap genes at one point or more to produce 

a new individual. The probability of crossing is 0.85. 

Variation is to create variation children by changing 

individuals in a population with a small random number, 

so that the genetic algorithm can search a wider space 

and select uniform variation with a probability of 0.010. 

4. Repeat 2 and 3 steps to carry out iterative calculation on 

the population, meet the cut-off condition, and get the 

optimal solution. 

At present, the commonly used tire models are divided 

into empirical model, theoretical model and semi-empirical 

model. The semi-empirical model is based on theoretical 

research and combined with data. It has the advantages of 

other two models and is more accurate. The vehicle anti-

skid (ASR) control system adjusts the torque of the driving 

wheels through appropriate control algorithms and control 

strategies. In this way, the slip ratio of the driving wheels is 

kept within the optimum range, thereby ensuring a vehicle 

with the best driving capability. In this paper, the anti-skid 

control algorithm and strategy of four-wheel drive vehicle 

are studied, as shown in Figure 5. 
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Figure 4. Anti-skid control flow of electric vehicle drive 
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Figure 5. Anti-skid control mode of electric vehicle drive 
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Based on the sliding mode variable structure control 

algorithm, the optimal driving torque of the vehicle is 

determined in real time according to the speed of the vehicle 

and the sliding speed of the driving wheel. The torque 

allocation strategy is based on the fuzzy control algorithm, 

which comprehensively considers the driving speed, battery 

SOC and demand torque, and reasonably distributes the 

torque of engine, motor and wheel-yi motor on the principle 

of high engine efficiency and good economy. Both the 

sliding mode variable structure control and the fuzzy control 

have strong robustness. It does not need to establish an 

accurate mathematical model of the controlled system, and 

it has little dependence on the system. 

3. Analysis of simulation results 

3.1. Simulation design 

Due to the real motion of the vehicle system there will 

be many unpredictable interference factors, such as lateral 

wind interference, driving motor, driving torque expression 

error interference. In order to resist the influence of 

interference factors on vehicles during vehicle movement, 

with the help of the concept of vehicle stability control, the 

left and right driving torque is dynamically adjusted by 

using the obtained ideal driving force distribution ratio of 

front and rear axles, and the theoretical algorithm is 

simulated and verified. Simulink was used to build ideal 

vehicle model. Simulink is a software package used to 

model, simulate and analyze dynamic systems. It supports 

linear and nonlinear systems, continuous and discrete time 

models, or a mixture of the two. In the vehicle simulation 

system, the ABS controller reads the wheel speed signal 

from the wheel speed sensor. According to the internal 

algorithm, it sends out the pressure increase, hold pressure 

and pressure reduction signals that make the brake actuate. 

This signal is input to the computer through the interface 

circuit and converted into a signal that can be recognized by 

the vehicle model. The vehicle model accepts inputted 

vehicle parameters such as vehicle mass, initial braking 

speed, etc., to simulate the operating state of the vehicle 

under ABS control. But the ideal model would ignore some 

degree of freedom, wind resistance, road surface and other 

factors. Therefore, this kind of simulation platform cannot 

well verify the control effect of the controller under the limit 

condition. A general electric vehicle co-simulation platform 

was established by using Simulink and Carsim software, 

and a simulation platform for pure electric vehicle drive 

control system was designed according to the requirements. 

Its structure is shown in the figure. The control strategy and 

motor model are built in Simulink software, and the vehicle 

dynamics model is built in CarSim software. The two can 

form a seamless connection. Based on this, the vehicle drive 

anti-skid control simulation platform based on Simulink is 

demonstrated as follows: 

The vehicle test platform developed in this paper adopts 

the independent drive scheme of the rear wheel double 

motor. Considering cost, design difficulty, feasibility and 

other factors according to the actual requirements, the 

vehicle design mainly aims at the power and range. The 

vehicle design objectives are summarized as follows: 

Power: maximum speed >50 km/h; 100 km acceleration 5 

s; Maximum climbing grade 10%; 

Range: >30 km on a single charge; 

Control system: it is a general configurable control 

platform which can quickly realize the modification of 

driving control strategy and realize the acquisition and 

processing of sensor signals. 
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Figure 6. Simulation platform of vehicle drive anti-skid control based on Simulink 
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Table 1. Simulation parameters 

Parameter numerical value Units 

Vehicle quality 350 Kg 

Length × width × 

height 
160*120*180 mm 

Wheelbase 1600 mm 

Track width (front 

/ rear) 
1240/1260 Mm 

Reduction ratio of 

reducer 
4.2 - 

Minimum ground 

clearance 
80 mm 

Centroid height 320 mm 

Distance from 

center of mass to 

front / rear axle 

860 mm 

Yaw moment of 

inertia 
221.62 Kg/m2 

Rated power 36 Kw 

peak power 84 Kw 

Torque setting 80 Nm 

Peak torque 140-160 Nm 

Maximum speed 300-320 Rpm 

input voltage 300-330 v 

Rated current 560-590 A 

peak current 8000 A 

Rated torque 5.4 Nm 

Maximum torque 12000 Nm 

Maximum input 

speed 
3.6 Rpm 

Quality 2.75 KG 

Nominal capacity 4.6 mAH 

Rated voltage 70 V 

Discharge cut-off 

voltage 
160 V 

Charging cut-off 

voltage 
280 V 

Maximum 

continuous 

charging current 

16 A 

Maximum 

instantaneous 

charging current 

≤0.6 A 

Maximum 

continuous 

discharge current 

264±0.2 A 

Maximum 

continuous 

discharge rate 

12-3600 C 

internal resistance 3*360 m 

Weight 3 kg 

Operating 

temperature 

(charging and 

discharging) 

0-35/-16-20 °C 

Combined with the data in the above table, CRIO vehicle 

controller is further used for experiments. Its main functions 

include: collecting and processing the driver’s driving 

intention, vehicle status and other signals, the calculation of 

vehicle drive control strategy, and sending the command 

signals such as torque output, mode and running state to the 

motor driver through the communication association. As the 

underlying controller, the main functions of the motor 

driver include: receiving the command signal of the vehicle 

controller, collecting the actual torque, speed, current, 

temperature and other signals of the drive motor, and 

feeding them back to the vehicle controller through the 

communication protocol. The sensor system is responsible 

for collecting the driver’s driving intention and vehicle 

status signals, mainly including: accelerator pedal sensor, 

brake pedal sensor, steering wheel Angle sensor, triaxial 

acceleration sensor, wheel speed sensor, etc. CRIO vehicle 

controller input interface definition and each signal form are 

shown in Table 2. 

Table 2. Output signal acquisition of vehicle controller 

Input quantity 
Function 

description 
Signal source Signal form 

Accelerator 

pedal signal 

Expected 

torque of the 

whole vehicle 

Accelerator 

pedal sensor 
0.5-4.5 v 

Brake pedal 

signal 

Brake control 

signal 

Brake pedal 

sensor 
0.5-4.5 v 

Steering wheel 

angle signal 

Check steering 

wheel angle 

steering wheel 

angle sensor 

Can 

communication 

protocol 

Motor speed 

times 

Detection of 

motor speed 

Motor driver 

motor driver 

Can 

communication 

protocol 

Motor torque 

signal 

Test motor 

torque 

Motor driver 

motor driver 

Can 

communication 

protocol 

Yaw rate 

multiple 

Obtain yaw 

rate 

Triaxial 

acceleration 

sensor 

0-5 V voltage 

Longitudinal 

acceleration 

signal 

Obtain 

longitudinal 

acceleration 

Triaxial 

acceleration 

sensor 

1.2 ~ 1.2 V 

Lateral 

acceleration 

signal 

Obtain lateral 

acceleration 

Triaxial 

acceleration 

sensor 

1.2~ 1.2 v 

Wheel speed 

signal 

Get wheel 

speed 

Wheel speed 

sensor 
0~5 V voltage 

Reserved 

interface 

Follow up 

signal 

supplement 

- - 

3.2. The simulation results 

3.2.1. Drive skid - proof buckle notification rule detection 

According to practical experience and simulation 

results, in order to prevent the wheel from over-sliding, the 

wheel angular acceleration should be kept within the range 

of PM, and the slip rate should be kept within the range of 

PS. Therefore, the design of fuzzy inference rules is shown 

in the table, with a total of 28 fuzzy inference rules. 

Table 3. detection results of the notification rules of the adaptive 

drive skid buckle 

Rule 

Input Output 

Wheel 

angular 

acceleration 

Slip ratio 
Torque 

output 

1 PS NB PS 

2 ZE NB ZE 

3 PM NB PM 

4 PB NB PB 

5 ZE NM PS 

6 PS NM ZE 

7 ZE NM PM 

8 PB NS PB 

9 PB NS PS 

10 PS NS ZE 

11 PM NB PM 

12 PM NM PB 

In Table 3, P is the initial value of actual acceleration, 

PB is the range of actual acceleration value, PM is the 

reasonable range of acceleration, PS is the predicted range 

of acceleration, N is the initial value of slip rate, and NB is 

the range of actual slip rate. NM is the reasonable range of 

slip rate, and NS is the predicted range of slip rate. ZE is the 

reasonable range of torque output. It is the key of the 
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research to simulate the road running condition of the 

vehicle when the vehicle starts or accelerates rapidly, when 

the vehicle starts with the maximum output torque. In the 

simulation, the steering wheel angle was set to remain at 

zero. The road adhesion coefficient is 0.85. The driving 

torque of the vehicle within 15s under DRI reaches the 

maximum 70Nm dimension command. The vehicle 

continues to accelerate until the steering wheel is 

overloaded. The initial speed of the vehicle is set to 20 m/s, 

maintaining a uniform speed, the front wheel Angle reaches 

60 at 0.5 s and remains unchanged, and the accelerator pedal 

opening remains unchanged. The road adhesion coefficient 

is set to 0.2. This condition is simulated when the driver 

suddenly encountered in front of the obstacle, there is no 

time to brake, to suddenly hit the direction of the operation. 

3.2.2. Comparison of front and rear drive wheel slip rate 

Based on the above, the simulation was conducted, and 

the test results were recorded. The specific results are shown 

in Figure 7: 
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Figure 7. Detection of front and rear driving wheel slip rate of 

electric vehicle 

As can be seen from Fig. 7, the dotted line is the slip rate 

of the driving wheel under the control of non-skid control. 

During acceleration, the slip rate of the driving wheel 

rapidly increases to 0.9, reaching the maximum value, and 

the wheel overrolls. The solid line is the curve of the sliding 

rate of the driving wheel after the driving anti-skid control. 

It can be seen from the figure that under the driving anti-

skid control, the sliding rate of the driving wheel can be 

effectively controlled within the optimal sliding rate of 0.25 

or so, and the maximum sliding rate does not exceed 0.3. 

Under the driving anti-slip control, the yaw velocity 

fluctuates greatly because of the additional yaw moment. 

Under the drive anti-slip control based on objective 

optimization, the yaw velocity is basically coincident with 

the ideal value, and the response is quick, and the overshoot 

is small. Under the drive anti-slip control, the maximum 

value of the center of mass side Angle is -0.16 rad, which 

fluctuates seriously and does not reach the steady-state 

value within 10 s. Under the drive anti-slip control based on 

the objective optimization control, the maximum value of 

the center of mass side Angle is -0.018 rad, and the response 

is rapid, and the steady-state value is reached at 0.5 s. It can 

be seen from the above analysis that the drive anti-skid 

control can control the slip rate of the drive wheel within the 

ideal range, and effectively control the excessive roll of the 

wheel. But it will produce extra yaw moment, increase the 

value of yaw angle, speed and center of mass yaw angle. 

And the fluctuation will become larger, which will damage 

the lateral stability of the vehicle. The anti-skid control 

based on objective optimization, by optimizing the left and 

right driving torque distribution and offsetting the 

additional yaw torque, ensures the lateral stability of the 

vehicle while controlling the driving wheel slip rate. 

3.2.3. Comparison of fitting coefficient of driving anti-skid 

torque 

In order to further verify the anti-skid control effect of 

the designed method for electric vehicle driving, the anti-

skid torque fitting coefficient is detected, and the detection 

result is shown in Fig. 8. 
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Figure 8. Test of torque fitting coefficient of driving skid resistance 

The fitting coefficient of driving anti-skid torque 

determines the anti-skid control effect. The larger the 

coefficient is, the better the anti-skid control effect will be. 

Fig. 8 shows that the fitting coefficients of the driving anti-

skid torque are different at different speeds. When the 

vehicle speed is low and the vehicle speed is 10 km/h, the 

fitting coefficient of the driving anti-skid torque of the 

traditional method is 0.01, while the fitting coefficient of the 

driving anti-skid torque of this method is 0.71. When the 

vehicle speed increases to 50 km/h, the fitting coefficient of 

the traditional method is 0.14, while the fitting coefficient 

of the driving anti-skid torque of this method is 0.75. The 

fitting coefficient of the driving anti-skid torque is always 

large, which indicates that the torque anti-skid control in 

this paper is effective. 

3.2.4. Driving moment contrast 

In order to verify the effect of driving torque control of 

the method in this paper, the anti-skid control method with 

energy consumption optimization and the anti-skid 

feedback control method with driving anti-skid control with 

target optimization are compared. The results are shown in 

Fig. 9. 
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Figure 9. Driving torque control effect 

Fig. 9 shows that when the motor speed of electric 

vehicles is within 0-500 RPM, the driving torque of the 

three methods is kept at 400 Nm. When the motor speed of 

the car exceeds 500 RPM and reaches 600 RPM, the driving 

torque of the energy consumption optimization anti-skid 

control method is 380 Nm. The driving torque of the anti-

skid control method for driving is 369 Nm, and the torque 

of the target optimized anti-skid control method is 397 Nm. 

When the speed of the car motor reaches 1300 RPM, the 

energy consumption of the anti-skid control method with a 

driving torque of 240 Nm is optimized. The driving torque 

feedback control method is 220 Nm. The goal is to optimize 

the anti-skid control method of 321 Nm driving torque. This 

method can effectively increase the driving torque when the 

motor speed is too high and improve the anti-skid control 

effect. 

4. Conclusion 

In order to control the torque of electric vehicle, this 

paper designs a method of anti-skid control of vehicle 

torque based on objective optimization. The wheel angular 

acceleration and the reference slip rate are used as the two 

inputs of the fuzzy controller, and the torque of the driving 

motor is used as the output of the fuzzy controller. This 

controller can predict the change direction of tire slip rate 

according to the signal of wheel angular acceleration and 

prevent the fluctuation of driving torque caused by sudden 

change of motor torque. The wheel angular acceleration and 

reference slip rate were estimated by motor torque signal 

and wheel angular velocity signal. The following 

conclusions are drawn from the experiment: 

1. The fitting coefficient of the driving anti-skid torque is 

always large, and the torque anti-skid control effect is 

better. When the vehicle speed increases to 50 km/h, the 

fitting coefficient of the traditional method is 0.14, while 

the fitting coefficient of the method in this paper is 0.75. 

2. The method in this paper can effectively control the 

torque of electric vehicles against skid. When the motor 

speed reaches 1300 RPM, the driving torque of the 

method can still reach 321 Nm. 
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Abstract 

In this paper, the cement concrete with low heat of hydration was prepared by adding fly ash, and then used in the double-

cylinder insulation technology. Based on heat dissipation test, thermal conductivity test and low temperature strength test of 

the prepared concrete, the growth law of concrete strength under negative temperature condition was studied. The strengths of 

three concrete test piles at the corresponding temperature were measured by ultrasonic method, and the influence law of double-

cylinder insulation technology on the change of concrete strength was studied. The results show that the curing temperature 

dropped from 20 C to -3 C, -5 C and -7 C on the 28th day. Compared with the standard curing temperature, the strength 

loss was 29.7%, 31.7% and 42.8%, respectively. There were similar rules on the 60th day and 28th day. In the first 7 days, the 

temperature of low hydration heat concrete was 1. ~2.8°C lower than that of ordinary concrete. From the 7th day to the 28th 

day, the temperature of low hydration heat concrete was 0.5°C higher than that of ordinary concrete. After applying the double-

cylinder insulation technology to the concrete, the temperature was increased by 7.9°C, 7.3°C and 4.8°C in 0~3rd day, 3rd~7th 

day and 7th~28th day, respectively. Compared with strength on the 28th day, the strength of low-hydration heat concrete was 

2.15% higher than that of ordinary concrete. After applying polyurethane insulation layer, the strength of the low-hydration 

heat concrete increased by 18.6% compared with that of the low-hydration heat concrete without insulation layer. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

Keywords: negative temperature, concrete, low heat of hydration, heat preservation, temperature of foundation pile, strength; 

1. Introduction 

Daxinganling belongs to the seasonal permafrost area, 

and bridges generally use bored pile foundations [1, 2]. The 

average ground temperature of frozen soil is basically 0 ~ -

3.5C [3, 4]. The cast-in-place pile concrete is in a low 

temperature environment for a long time, which will cause 

the hydration rate of the concrete to decrease obviously, and 

the hydration heat release is to be reduced significantly 

under the same period. Although the lower hydration heat 

release will reduce the disturbance of temperature rise to the 

frozen soil and shorten the frozen soil’s refreezing time, it 

will cause a series of problems such as slow growth of the 

strength of the cast-in-place pile concrete itself, inadequate 

hydration and even insufficient strength [5]. Therefore, it is 

necessary to carry out experimental research on early 

mechanical properties of concrete under negative 

temperature conditions, and to grasp the law of concrete 

strength growth under negative temperature conditions, 

which has practical significance for the design and 

construction of concrete in permafrost regions. 

At present, the strength growth of concrete under 

negative temperature has been studied abroad. Michel 

Pigeon [6] and others believe that when the change of gas 

content could no longer improve the freezing resistance of 

high-strength concrete, the different types of cement, 

aggregates and curing periods have certain effects on the 

freezing resistance of small-water-binder ratio concrete. 

Through experiments, Nurse has found that the compressive 

strength of concrete increases as the product of temperature 

and time increases [7]. The research committee of natural 

environment concrete performance in Japan has studied the 

development law of concrete strength under natural cold 

and hot weather [8-12].  

The research on the strength growth of concrete under 

negative temperature mainly focuses on the influence of 

antifreeze on concrete. Yang Yingzi and Ba Hengjing [13, 

14] and others believe that after the completion of stirring, 

there are more water molecules around the coarse aggregate, 

after condensation hardening, it is loose porous, forming the 

interface transition zone, and they also think that the region 

is the weakest link, it has a significant impact on the 

mechanical properties and durability of concrete. The 

antifreeze is mainly to improve the microstructure of the * Corresponding author e-mail: tianlaiyu@126.com. 
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negative temperature interface, so that the frost heaving 

stress in the transition zone is reduced, thus reducing the 

internal structural damage. The addition of antifreeze has 

different effects on the negative temperature concrete. 

When the appropriate amount of antifreeze is added, it 

mainly reduces the freezing point of water in concrete and 

accelerates the formation of early structure effectively; 

when the antifreeze mixed is in excess, due to the large 

amount of salt in the antifreeze, it will cause different 

degrees of damage to the pore structure of the concrete. Tian 

Limei, Lu Weina[15] and others have studied the strength 

development of C35 concrete under naturally changing 

negative temperature. Li Fen and Yang Yongpeng [16] have 

studied the development law of compressive strength of 

concrete within C40 strength grade under negative 

temperature. 

By summarizing the research contents of available 

literature, we can find that there are still some problems in 

the study of negative temperature concrete compressive 

strength, mainly including: 

1. Under the condition of protecting permafrost, there are 

few studies on the strength variation rule of low heat of 

hydration mixed with fly ash under the condition of 

negative temperature.  

2. In the ice rich area, there are few studies on the strength 

variation of concrete under the condition of negative 

temperature combined with actual engineering. 

3. In the drilling pile construction, the double protective 

cylinder heat preservation plan is used, and the growth 

law of concrete strength is lack of study. 

2. Study on low hydration heat concrete 

In seasonal frozen soil areas, as the environmental 

temperature changes, liquid water and solid ice transform 

between each other and form complex physical and 

mechanical characteristics of frozen soil [17-20]. Therefore, 

how to reduce the thermal disturbance to the permafrost 

around the pile and ensure the concrete strength to meet the 

design requirements has become the main problem to be 

solved in the study of project construction in the frozen soil 

region. In order to solve this problem, this paper proposes 

to adopt low hydration heat concrete to replace conventional 

concrete and take necessary insulation measures.  

2.1. The Selection of raw materials 

In this paper, “Mengxi” P • O 42.5 ordinary silicate (low 

alkali) cement was selected, its properties are shown in 

Table 1; Coarse aggregate is composed of 10-20 mm and 

16-31.5 mm single-grain grade gravelmixing in proportion, 

the former proportion accounts for 72% and the latter 28%. 

After mixing, it basically conforms to 5~31.5 mm 

continuous grading. River sand was adopted as the fine 

aggregate, which is smooth, hard, and well graded. It has 

fineness modulus of 2.51, which belongs to medium sand. 

Grade II fly ash from Qiqihar, KMSP water reducing agent, 

KMSP-14 antifreeze and drinking water were used in this 

work. 

Table 1. The properties of cement 

normal 

consistency 

security 

/mm 

setting time /min 

compressive 

strength / 

MPa 

flexural 

strength / 

MPa 

Initial 

setting 

Final 

setting 
3d 28d 3d 28d 

29.2 0.5 254 360 27.8 49.6 5.1 8.0 

2.2. The influence law of fly ash on hydration heat 

The hydration heat was measured by SHR-16S test 

instrument, and the measurement system of hydration heat 

of cement can be seen in Figure 1. According to the test 

method stipulated in GB/T 12959-2008, the hydration heat 

at different fly ash contents and different period were tested. 

 

Figure 1. Hydration heat test instrument 

In order to study the effect of fly ash on hydration heat, 

seven groups of experiments were carried out; group one 

was pure cement. In groups 2 to 7, the fly ash content was 

20%, 22.5%, 24.8%, 27.0%, 29.0% and 31.1%, 

respectively. The experimental ages of hardening were 1d, 

3 d, 7 d, 14 d and 28 d. The results of the experiment are 

shown in Figure 2. 
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Figure 2. The curve of concrete hydration heat changing with time 

Figure 2 shows that in the period of 0~3rd day, 3~14th 

day 14~28th day, pure cement in the hydration reaction of 

concrete released 243.2 J/g, 289.8 J/g, 315.8 J/g heat 

accumulatively. With the increase of fly ash content, the 

heat released by the concrete that falls into the fly ash 

gradually decreased. The amount of fly ash content 

increased from 20% to 31.1%, and the amount of heat 

released from hydration reduced from 228.4 J/g, 258.4 J/g, 

285.7 J/g to 187.5 J/g, 243.2 J/g, 265 J/g, respectively. 
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It can be found that the hydration heat of pure cement in 

different ages of hardening is greater than that of different 

proportions of fly ash, and the greater the proportion of fly 

ash content, the smaller the hydration heat of cementing 

materials in each age of hardening was. Theoretically, the 

smaller the hydration heat of cementing material, the lower 

the temperature rise of the hydration heat of concrete will 

be, so the thermal disturbance to the soil around the pile 

foundation is much smaller. Combined with the relevant 

regulations in “Technical Specifications for Construction of 

Highway Bridges and Culverts” JTG / T F50-2011, in a 

freeze-thaw environment, the fly ash content should not 

exceed 30%, so 29% of cement material is selected. 

2.3. The influence of cement content on hydration 

temperature 

The concrete adiabatic temperature rise tester (HJW-3) 

was used to test the adiabatic temperature rise, and the 

influence of cement content on hydration temperature was 

studied. The instrument precision ≤±0.05°C, Temperature 

change of 50 L water at 72 hours ≤±0.05°C, as shown in 

Figure 3.  

 

Figure 3. The laboratory concrete adiabatic temperature rise tester 

The cement contents were 380 kg, 312 kg, 303 kg, 294 

kg and 278 kg, respectively. The initial temperature was 

controlled at 20°C (error ± 0.5 °C). The content of 

admixture KSMP was 1.5%, and the antifreeze KM-14 was 

5.0%, and the fly ash content was 29%. The shift test of 

adiabatic temperature rise is shown in Figure 4. 
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Figure 4. The influence of cement content on hydration 
temperature 

As can be seen from Figure 2 to Figure 4, the adiabatic 

temperature increased continuously with the increase of 

concrete content. There was a nonlinear relationship 

between concrete content and adiabatic temperature rise. 

This was mainly due to that with the increase of cement 

content, the amount of water decreased, resulting in this 

uneven situation. Combined with the “Technical 

Specifications for Construction of Highway Bridges and 

Culverts” JTG / T F50-2011, the minimum concrete content 

of C30 concrete in severe cold areas cannot be less than 300 

kg/m3, so the final cement content was set to 303 kg/m3. 

2.4. Low hydration heat concrete mix ratio and slump test 

According to section 2.3, 2.2, the mixing ratio of low 

hydration heat is, cement: fly ash: sand: gravel: water = 

(1:0.41:3.011:3.673:0.619). The mixing ratio of ordinary 

concrete is cement: fly ash: sand: gravel: water = 

(1:0.290:2.762:3.373:0.545). In order to meet the 

workability and water retention requirements of the 

construction process, slump test tests of cohesioness and 

water retention were added. In order to meet the workability 

and water retention required by the construction process, 

tests such as slump test, cohesion and water retention were 

conducted. The test results are shown in Table 2, which can 

meet the needs of the construction of bored pile project. 

Table 2. The workability of low hydration hot concrete (mm) 

Initial 

slump  

Initial 

slump 

slump 

after 60 
min 

cohesiveness 
water 

retention 

240 650×600 200 good 
no 

bleeding 

3. The influence of negative temperature on concrete 

strength 

In order to study the strength growth law of bridge bored 

pile concrete in the frozen soil area under the low negative 

temperature curing environment, refer to literature [21-22], 

the proposed concrete mix ratio is seen in section 2.4. 

According to the method stipulated inGB/T 50081—2002, 

the curing temperature shall be conducted at 20°C (standard 

curing), -3°C, -5°C and -7°C, respectively. The compressive 

strengths of concrete specimen 150×150×150 mm at the 7th 

day, 14th day, the 28th day and the 60th day of hardening 

under different curing conditions were tested. The test data 

are shown in Figure 5.  
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Figure 5. The summary chart of compressive strength of concrete 
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The data in Figure 5 show that at the same age of 

hardening, the strength of concrete decreased as the curing 

temperature decreased. When the age of hardening was 7 

day, the concrete strength under -3C curing only reached 

43.4% of strength at the 28th day, under 20C curing, and 

reached 75.8% under 20C curing. When the age of 

hardening was 14 day, the concrete strength under -3C 

curing only reached 62.8% of strength at the 28th day, under 

20C curing, and reached 93.0% under 20C curing. 

At the 28th day, the curing temperature was reduced from 

20C to -3C, -5C and -7C, respectively. Compared with 

standard curing, the strength as reduced by 29.7%, 31.7% 

and 42.8%, respectively. The 60th day and 28th day of 

hardening showed similar rules, that is, the lower the curing 

temperature was, and the higher the strength loss was.  

The higher the curing temperature was, the faster the 

strength of concrete developed in later period, that is, the 

14th day- the 60th day strength. When the age of hardening 

was 60 d, the concrete under -3C curing only reached 

79.7% of the strength at the 28th day under 20C curing and 

reached 117.4% under 20C curing. 

In order to ensure the strength of concrete under negative 

temperature, on the one hand, the temperature of the bored 

pile concrete must be increased, and on the other hand, the 

concrete strength level should be high. According to the 

research results of the temperature field of the concrete pile 

body, the curing temperature after concrete pouring was -2 

~ -3°C. Taking C30 concrete as an example, the strength 

loss under -3C at the 28th day was 29.7%. At this point, it 

should be configured according to C43 to ensure that the 

concrete strength reaches C30. 

4. Study on heat insulation effect of adding polyurethane 

between double-layer steel protective cylinders 

4.1. The experimental site 

The study was based on the bridge bored pile 

construction project of Jingmo highway. The site is located 

in an island-shaped permafrost area in the hilly and low 

mountains of Mohe County, Daxinganling area, 

Heilongjiang Province, with an average altitude of 550 m 

[23-24], the permafrost thickness in this area is 50-100 m 

[25], and the average annual ice age is 7 months [26]. Site I 

is located near pile 11 of K424+380 frozen soil bridge. Site 

II is located between Piers 15-16 of K425+290 frozen soil 

bridge. The depth of frozen soil on both sides of the piles is 

11.5m. The soil layer on the pile side is shown in Table 3-a, 

Table 3-b. 

4.2. Test pile materials and construction 

1. Insulation scheme and materials 

Polyurethane material was added between double 

cylinder for insulation. The polyurethane foam was used as 

insulation material, which has the advantages of low 

thermal conductivity and good insulation performance. The 

materials of protective cylinder is q235 steel, which has 

good plasticity and welding properties, and is convenient 

for construction. 

2. Test pile construction 

Three test piles were constructed by means of percussion 

drilling. Test pile 1# and 2# were located in site I, and the 

distance between them was 6m. Test pile 3# was located in 

site II. The concrete mix ratio is shown in section 2-4. 

Specific plans are shown in Table 4. 

Table 3-a. Soil distribution of the site I 

The serial number 

of soil layer 

Name of  

the soil layer 
The types of frozen soil 

Soil  

thickness /m 

Depth from  

the surface /m 

1 Cumulosol Ice layer containing soil 2.1 2.1 

2 Ice layer Pure ice 1.3 3.4 

3 Cumulosol 
 

Ice layer containing soil 
1.6 5.0 

4 Mucky soil 
 

Ice layer containing soil 
1.3 6.3 

5 Roundstone ice-rich permafrost 2.4 8.7 

6 intense weathering tuff  
 

Permafrost   with much ice 
2.8 11.5 

Table 3-b: Soil distribution of the site II 

The serial number  

of soil layer 

Name of the  

soil layer 

The types of  

frozen soil 

soil  

thickness /m 

Depth from 

 the surface /m 

1 Cumulosol Ice layer containing soil 0.9 0.9 

2 Silty clay Permafrost with less ice 0.7 1.6 

3 Silty clay ice-rich permafrost 4.4 6.0 

4 mucky soil Permafrost with much ice 1.5 7.5 

5 Roundstone Permafrost full of ice 2.2 9.7 

6 Pebble Permafrost with much ice 1.8 11.5 
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4.3. The monitoring scheme of temperature field  

In each test pile, a temperature measuring line was 

arranged at y of pile core and pile wall, and the numbers are 

A and B respectively. The lateral arrangement of 

thermometer hole is shown in Figure 6. In each thermometer 

hole, 13 to 14 measuring points were arranged along the 

depth of the rock and soil layer. The location of the 

measuring points should consider the boundary of the soil 

layer. The distance between the sensors in the same soil 

layer was 0.2-1.3 m, as shown in Figure 7. 

The temperature sensor is resistive temperature sensing 

element DS18B2. Temperature collection range is -55 ~ 

+125C, and the accuracy is ±0.2C. JMWT-64RT system 

is adopted for automatic collection. The system is powered 

by batteries in winter and solar energy in summer.  

The temperature of the concrete throughout the pouring 

process was monitored. The temperature before concrete 

pouring was studied; the temperature data every 4 hours 

after concrete pouring until 24 hours were collected; 

afterwards, temperature measurement data every 3 days, 7 

days, 14 days and 28 days were collected; After 28 days of 

concrete curing, temperature data was collected every 15 

days.

Table 4. Comparison table of test pile scheme (m) 

Pile number site 
Pile 

diameter 

pile 

length 
Cement type The type of protective cylinder Pouring time 

1# I 1.4 11.5 
C30ordinary 

cement concrete 

Single layer steel protective 

cylinder 

2017.10.31 

11:20 

2# I 1.4 11.5 

C30low hydration 

heat cement 
concrete 

Double-layer steel protective 
cylinder, 

adding 10 cm polyurethane foam 

between layers 

2017.11.04 

11: 03 

3# II 1.4 11.5 

C30low hydration 

heat cement 

concrete 

Single laer steel protective 
cylinder 

2017.10.22 
14: 00 

Pile
Pile

Insulation layer

(a) 1#   3#test pile (b) 2#test pile

0.10
0.10

0.10
0 .70

R


0.80

R


 
Figure 6: Horizontal layout of thermometer hole (m) 
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Figure 7: Longitudinal layout of thermometer hole (m)  
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4.4. Study on temperature variation of pile foundation 

concrete 

At the same age of hardening, the lower the curing 

temperature, the lower the compressive strength was. In the 

whole temperature field of pile foundation concrete, the 

temperature of pile wall was the lowest temperature. 

Therefore, the change law of pile wall temperature can 

better illustrate the effectiveness of low-hydration heat 

concrete integrating insulation layer. See the details in 

Figure 8-Figure 9 as below. 

In Figure 8, the temperature field of the three test piles 

is unevenly distributed within a depth of 4.1 m from the 

surface, which was mainly due to the interference of 

external low temperature. In order to study the effect of low 

hydration heat concrete and the addition of insulation layer, 

only the temperature field below 4.1 m from the surface was 

considered in the analysis. 

In the soil layer below 4.1 m, the temperature of the test 

pile 3 # was significantly lower than that of test piles 1# on 

the 1st day and 3rd day, which shows that the use of low 

hydration heat concrete reduced the early heat release of 

concrete and effectively reduced the thermal disturbance to 

the soil around the pile foundation. In the period of the 1st-

28th day, the temperature of the test pile 2# was higher than 

that of the test pile 2#, indicating that the insulation effect 

of polyurethane material was better; The temperature of test 

pile 2# was obviously more uniform than that of test pile 3# 

and 1#, which indicates that the adding polyurethane 

between the two cylinders made the curing environment of 

pile foundation concrete more uniform. This provides a 

condition for the formation of the overall strength of pile 

foundation concrete and reduces the occurrence of too low 

local strength.   

With the deepening of depth, the wall temperature 

gradually decreased, and the lowest temperature appeared 

at 11.5 m at the bottom of the pile. Based on Figure 9, the 

change of temperature with time was analyzed.  

In the period of 0~3rd day, all the piles showed 

phenomenon of temperature rise, and in the 3th day, and test 

piles 1#, 3#and 2# had a maximum temperature of 11.2°C, 

8.4°C and 16.3°C, respectively. In the 3rd~7th day, the 

temperature of each pile began to decrease, the average 

temperatures of test piles 1#, 3# and 2# were7.5°C, 6.3°C 

and 13.8°C, respectively. In the 7th-28th day, the average 

temperature of test piles 1#, 3# and 2# were 1.6°C, 2.1°C 

and 5.9°C, respectively. In the 28th~60th day, the 

temperature of all the piles reduced to -0.4 ~ -1.1°C.  

In summary, the temperature of low hydration heat 

concrete was 1.2°C~2.8°C lower than that of ordinary 

concrete in the 0-7th day. In the 7th~28th day, the 

temperature of low hydration heat concrete was 0.5 C higher 

than that of ordinary concrete. This is because the low 

hydration heat concrete contained more fly ash content, 

which delayed the hydration process of the concrete. After 

adding the insulation layer in the same kind of concrete, the 

temperature of concrete improved by 7.9°C, 7.3°C and 

4.8°C in the 0~3rd day, 3rd~7th day and 7th~28th day, 

respectively. The increase of curing temperature can 

directly enhance the strength of pile foundation concrete 

and reduce the loss of strength. 

5. The quality verification of pile concrete  

5.1. Monitoring scheme and data arrangement 

In order to verify the quality of concrete, ultrasonic wave 

method was used to test the strength of three test piles at 

different ages of hardening. The sounding pipe was pre-

buried in the concrete pile. Two sounding pipes were used 

to form a detection surface with a measuring point spacing 

of 100 mm. The cumulative height difference between the 

transmitting and receiving transducers of each measuring 

point did not exceed 2 cm. The test instrument is HC-U86 

concrete ultrasonic detector. Figure 10 (a), (b) show the test 

principle, test instrument and test site for testing the 

concrete strength by ultrasonic method on site. 
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Figure 9. The change of pile bottom temperature with time (m)
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(a) Pile 1# 
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(b) Pile 3# 
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(c) Pile 2# 

Figure 8. The curve of temperature changing with depth of test pile at each age of hardening (m) 
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Figure 10. Ultrasonic on-site measurement of concrete strength 

 

The measured data of strength and sound velocity of 

concrete sample on the 28th day under negative temperature 

environment were fitted, and the results showed that the 

strength increased exponentially with the sound velocity, as 

shown in equation (1). 

4.437 20.035 R 0.989cuf v  ，                                (1) 

The correction coefficients of concrete strength for the 

7th day and 14th day of curing are shown in equation (2) 

and equation (3) respectively. 

2 2

7 0.669 0.022 0.001 R 0.934T T      ，
        (2) 

2 2

14 1.087 0.049 0.003 R 0.969T T      ，
         (3) 

5.2. Pile quality analysis 

In the study of pile quality, the law of compressive 

strength of concrete at a depth of 11.5 m changing with time 

was analyzed. In Section 4-4, the lowest temperature of each 

test pile appeared at a depth of 11.5 m. Through analysis of 

the compressive strength at this depth, the advantages of 

low hydration heat concrete with adding insulation layer can 

be reflected.  

In Figure 11, the strength of test pile 2# at each age of 

hardening was greater than that of pile 1#and pile 3#. At the 

28th day, there was not much difference in the strength of 

pile 1# and pile 3#, and the compressive strength of pile 2# 

was 18.2% higher than that of pile 3#. It shows that the 

method of adopting double cylinder insulation technology 

with addition of insulation layer can keep the pile in a 

relatively high curing temperature, which has an obvious 

effect on the growth of concrete strength.  

6. Conclusions  

1. In the indoor low temperature curing test, when the age 

of hardening was 28 day, the curing temperature 

dropped from 20C to -3C, -5C and -7C. Compared 

with the strength of standard curing, the strength was 

decreased by 29.7%, 31.7% and 42.8%, respectively. In 

order to ensure the strength of concrete under negative 

temperature, on the one hand, the temperature of bored 

pile concrete should be raised, on the other hand, the 

strength grade of concrete should be higher.  

2. In the first 7 day, the temperature of low hydration heat 

concrete was 1.2°C~2.8°C lower than that of ordinary 

concrete. In the period of the 7th-28th day, the 

temperature of low hydration heat concrete was 0.5°C 

higher than that of ordinary concrete.  

3. After applying double-cylinder insulation technology to 

the concrete, the temperature of concrete improved by 

7.9°C, 7.3°C and 4.8°C in the 0~3rd day, the 3rd~7th 

day and the 7th ~28th day, respectively. Compared with 

the strength of concrete on the 28th day, the strength of 

concrete after adding polyurethane material between 

double cylinders was increased by 18.2% than that of 

low hydration heat concrete. This indicates that double 

cylinder insulation technology with addition of 

polyurethane material can increase the quality of 

concrete pile. 
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Figure 11. The curve of compressive strength of pile foundation 

concrete changing with time 
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Abstract 

In the application process of China’s independently produced new aluminum alloy 211z.1 into high-end military and civilian 

industries, a great many holes are needed for fastening connection. However, the severe wear of the cutting edge of twist drill 

is an important factor that restricts the quality of hole processing and tool life. In this paper, the wear condition of the standard 

high-speed steel twist drill in drilling the new aluminum alloy 211z.1 is studied based on the drilling test, and the influence law 

of the drilling amount on the tool wear is revealed by designing a reasonable drilling test plan. The research results show that 

the cutting speed has a significant effect on the flank wear, and the drilling feed and the drilling height have relatively little 

influence on the flank wear of the tool. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

Drilling is a commonly used processing method in 

production, it is one of the most important processes in 

metal cutting (accounting for about one-third of all metal 

cutting processes), and billions of drills are consumed every 

year in the world[1]. As early as in the 1960s, a large number 

of experimental studies on the processing of aluminum 

alloy, especially in the precision of hole making and surface 

integrity, were carried out from the aspects of tools, process 

methods, lubrication conditions, etc. As a widely used free-

cutting material, especially with the emergence of various 

new aluminum alloy materials, the analysis of the drilling 

tool wear situation is still of great significance in the large-

volume, continuous drilling process[2]. 

Aluminum alloy 211z.1 is one of the five registered 

grades of the 211z.x series independently developed by 

China, and it belongs to the new high-strength aluminum 

alloy materials of Al-Cu-Mn series. The main chemical 

composition is shown in Table 1[3]. At present, a lot of 

research has been done on thephase transformation[4-5], high 

temperature mechanical properties[6-7], fatigue properties[8] 

and microstructure properties[9-10] ofthe new aluminum 

alloy 211z.1. However, there are few studies on the cutting 

performance of the aluminum alloy, except for the 

processing methods of aluminum alloy such as turning[11] 

and milling[12], it is necessary to further expand the research 

scope and increase the research on the cutting performance 

of cast aluminum alloy, thus providing a theoretical basis 

for increasing the application of the aluminum alloy 

material in various high-end military and civilian industries 

and fields. 

Based on theoretical analysis and drilling experiment 

results, the wear pattern of the tool during the processing of 

aluminum alloy 211z.1 is analyzed in this paper by using 

the standard high-speed steel twist drill,anda quadratic 

polynomial regression prediction model for the VBBmax 

wear value of the flankwas constructed by orthogonal test 

and linear regression analysis by taking the flank wear 

amount as the research object. 

2. Drilling Test Plan 

Aluminum alloy 211z.1 is produced by Guizhou Hualco 

Aluminum Co., Ltd., and its main mechanical properties are 

shown in Table 2[3]. The upper surface of the processed 

workpiece is flat, the size is 145 mm × 160 mm × 45 mm, 

and the V850A numerical control (vertical) machining 

center is adopted as the drilling experiment tool. The high-

speed steel twist drill meets the technical standard of GB t 

17984-2000. The tool diameter d = 8, 10 and 12mm for 

analyzing the drilling wear phenomenon of aluminum alloy 

211z. 1, and the tool diameter d = 10mm for calculating the 

tool wear prediction model. Dry cutting and blindhole 

drilling are adopted in the experiment. Jerry DJCL Y92B 

detector and DMSZ7 video all-in-one machine are adopted 

as the tool wear detection device.

  
* Corresponding author e-mail: helin6568@163.com. 
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3. Breakage Form Analysis of Aluminum Alloy 211z.1 

Drilling Tool 

The twist drill is a complex-form double-edged boring 

tool that performs a semi-closed cutting pattern with cutting 

temperatures higher than the other cutting forms (such as 

turning, milling, etc.) under the same cutting conditions. 

Under the action of uneven high-field thermal coupling, the 

cutting load on the cutting edge is very uneven, and different 

areas of the cutting edge have different wear properties in 

different processing stages. In the continuous processing, 

with the parameter change of different processing objects , 

tool materials, pore sizes and processing, the form and 

characteristics of wear vary greatly, and the wear law is 

complex, often appear one wear pattern with many other 

forms of wear. 

3.1. Chisel edge wear 

In the drilling process of aluminum alloy 211z.1 and the 

pre-use of tool under the same working condition, the twist 

drill’s chisel edge that plays the main function of 

positioning, centering and reducing the chattering effect 

during processing first contacts the material being 

processed. While rotating around the central shaft, the chisel 

edge crushes and scrapes the materials being cut, causing 

severe deformation, and the force of contact and thermal 

stress between the cutting edges of the tool are concentrated, 

and then a triangular-like smooth surface is quickly grinded 

out on both sides accompanied by bonding of aluminum 

alloy materials, forming a built-up edge, as shown in Figure 

1. The hardness of the built-up edge is generally 2-3 times 

the hardness of the workpiece, and the built-up edge is 

stacked on the cutting edge to replace the cutting edge in 

cutting and protecting the cutting edge, and to increase the 

actual working front angle and reduce the cutting 

deformation[13-15]. The blunt circular cutting edge formed by 

stacking causes extrusion and overcutting, which reduces 

the processing accuracy, and the built-up edge is adhered to 

the processed surface after detaching, resulting in the 

surface roughness and unevenness.

Table 1. Chemical composition of aluminum alloy 211z.1[3] 

Elemnt Cu Mn Ti Zr Ba Ca Cd 

% 4.0-7.5 0.20-0.6 0.05-0.40 0.05-0.50 0.005-0.07 0.003-0.005 0.05-0.50 

Elemnt RE Be Fe Si 
Otherb 

Alc 
single total 

% 0.02-0.30 0.001-0.08 ≤0.30 ≤0.10 ≤0.05 ≤0.15 Rest 

Table 2 Mechanical properties of aluminum alloy 211z.1[3] 

Sample state 

Tensile properties at room 

temperature 

Tensile properties at high 

temperature (350°C) Hardness 

(HBW) 

Shock 

absorption 

energy (KU2)/J Tensile strength 

Rm/MPa 

Elongation after 

break A/% 

Tensile strength 

Rm/MPa 

Elongation after 

break A/% 

No less than 

T5 450 8 130 6 125 6.5 
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Figure 1. Physical map of chisel edge wear and built-up edge 
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3.2. Flank wear 

In the drilling process of aluminum alloy 211z.1, the 

main flank of the twist drill is in continuous contact with the 

material being cut. Under the axial feed force and the 

rotational driving force, severe deformation and friction is 

caused between the tool and the material being cut, 

increasing the temperature and internal pressure in the 

contact zone and causing wear on the flank of the twist drill. 

The flank wear of the twist drill appears uneven wear 

distribution affected by the complex structure of the twist 

drill’s flank, and by the rotating and feeding composite 

spiral motion form. The flank wear of the main cutting edge 

is usually fanshaped with wear or a strip with an 

approximately uniform shape and a smaller width, as shown 

in Figure 2. The outermost edge of the main cutting edge 

has the largest rake angle, the highest cutting line speed, the 

heaviest cutting load and the highest cutting temperature, 

which is easy to form corner wear, as shown in Figure 3. 

The outer edge of the twist drill has the most serious wear, 

and the width of the wear band is the largest. When the 

rotational speed is high, the temperature and friction 

velocity of the outer edge increase, the thermal wear is 

intensified, and obvious “ablation” occurs, these 

observations are similar to that found by other researchers 

[16-17]. 

3.3. Rake wear 

In the drilling process of aluminum alloy 211z.1, the 

contact surface between the tool and the chips has an inner 

friction zone and an outer friction zone, namely, a bonding 

zone and a sliding zone. The outer friction zone of sliding is 

away from the cutting edge, and the cutting temperature of 

which is lower than the temperature at the cutting edge, the 

heat dissipation is relatively fast, and sliding friction is 

formed between the chips and the tool, and thus the tool rake 

is less damaged; the inner friction zone of sliding is where 

the relative movement of the tool and the material occurs, 

high temperature and high pressure(2-3 GPa) are formed 

under the action of friction and extrusion. Under the affinity 

between the chips and the tool material, bonding (cold 

welding) of the material is formed, which is prone to bond 

and spread wear, causing craters on the rake area that is 

close to the main cutting edge. In addition, due to the semi-

closed cutting form, the heat cannot be dissipated and 

discharged in time, causing the twist drill temperature to rise 

and chips to accumulate in the chip pocket and to adhere to 

the rake, aggravating the bonding and wear of the rake while 

making the craters more prominent, as shown in Figure 4. 
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Figure 4. Physical map of the rake wear band of twist drill
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Figure 2. Physical map of the flank wear band after continuous drilling of 30 blind holes 
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Figure 3. Physical map of the outer edge corner after continuous drilling of 30 blind holes 
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4. Prediction Model of Flank Wear 

As shown in Figure 5, the cross cutting edge 

angleψbetween the cross cutting edge and the main cutting 

edge is taken as the measurement reference, and the wear 

value of flank VBBmax is taken as the research object, and 

the orthogonal drilling experiment is conducted, the VBBmax 

is measured according to different drilling processing 

parameters, and the flank wear prediction model is 

analyzed. Each group of experiments is repeated three 

times, and the average value is taken as the experimental 

result, as shown in Table 3. 
Table 3. Parameters and flank wear values of the orthogonal 

drilling experiment 

Plan v (m/min) f (mm/r) h (mm) 
VBBmax 

(mm) 

1 250 0.13 10 0.4046 

2 140 0.13 15 0.3217 

3 250 0.2 15 0.8802 

4 30 0.13 10 0.0932 

5 140 0.13 15 0.3217 

6 140 0.2 20 0.5522 
7 140 0.05 10 0.2054 

8 140 0.2 10 0.3387 

9 250 0.05 15 0.3586 
10 30 0.05 15 0.0439 

11 140 0.05 20 0.3121 

12 140 0.13 15 0.3217 
13 140 0.13 15 0.3217 

14 140 0.13 15 0.3217 

15 30 0.2 15 0.1355 
16 30 0.13 20 0.1744 

17 250 0.13 20 0.9196 

Note: v-cutting speed, f-feed, h-drilling height 

The regression analysis on the experimental data of 

Table 3 is performed by using the Design Expert software, 

and the quadratic polynomial regression prediction model 

of the flank VBBmax wear value is obtained as follows: 

3

max

-4

6 2 2 3 2

VB 0.59101 3.13476 10 1.02093 0.057065

0.013194 1.97182 10 0.0712
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As shown in Table 4, a significance analysis of the 

regression model established is conducted, and the 

correction coefficient of the flank wear model is 0.982. The 

model can only reflect 98.2% of the relationship between 

the factor and the response value, and the influence of each 

factor on the flank wear is ranked as: cutting speed > feed > 

drilling height. The variable coefficient of the flank wear 

model response is 13.64%, and the experiment has a certain 

degree of reliability, thus the prediction model can be used 

for the analysis and prediction of flank wear of the 

aluminum alloy 211z.1 drilling tool. 

The response surface diagram and contour map of the 

interaction of drilling parameters on flank wear are obtained 

by quadratic multiple regression fitting, as shown in Figure 

6. The rise of the three response surfaces is obvious, and the 

curvature radius of the contour line is large, indicating that 

f and v, h and v, h and f have significant interaction effects 

on flank wear. As v increases, flank wear increases 

obviously; with the increase of f and h, the increase of flank 

wear is not obvious. 

 

Figure 5. Measurement of wear band on flank of main cutting 
edge 

5. Conclusion 

1. The normal wear pattern of aluminum alloy 211z.1 

drilling tool includes chisel edge wear, rake wear and 

flank wear, among which chisel edge wear appears first, 

accompanied by built-up edge; rake wear is usually 

accompanied by craters; and flank wear has a wide 

range, and the most worn parts are in the outer corner 

area. The aluminum alloy 211z.1 often occurs “sticking 

on tools” during the drilling process. 

2. Based on the flank wear amount, a prediction model of 

aluminum alloy 211z.1 drilling flank wear is 

constructed, which ranks the influence of each factor on 

flank wear as follows: cutting speed > feed > drilling 

height. 

Table 4. Checklist of the regression model 

 
Source of 

variance 
Sum of squares 

Degree 
of 

freedom 

Mean square F value P value Significance 

VBBmax 

Model 0.89 9 0.099 42.35 < 0.0001 Significant 

v 0.56 1 0.56 237.80 < 0.0001  

f 0.12 1 0.12 51.40 0.0002  

h 0.10 1 0.10 44.83 0.0003  

Residual 0.016 7 2.342E-003    

R2 = 0.9820, R2
adj = 0.9588, CV% = 13.64 
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(a) Response surface of f and v to VBBmax          (b) Response surfaces of h and f to VBBmax 

 

(c) Response surface of h and v to VBBmax 

Figure 6. Multi-factor interactive response surface map 
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Abstract 

Given that corrosion is not considered in calculating the stiffness of reinforced concrete structures under existing cord, this 

paper improves the calculation formula in cord, and proposes a method to calculate the stiffness of the corroded beam 

strengthened by steel plate, then the formula for calculating the deflection is proposed. Nine corroded beams are strengthened 

by steel plates, the static test results of which are used to verify the correctness of calculation method. The influence of corrosion 

rate and thickness of steel plate on the stiffness are analyzed through the deflection change. Both experimental and theoretical 

analysis results show that the corrosion rate has a limited impact on the reduction of stiffness. When the thickness of steel plate 

reaches 6 mm and the corrosion rate reaches 30%, the change in deflection will decrease. At the same time, the influence of 

corrosion rate on the stiffness is greater than that of steel plate thickness. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

Corrosion of steel bars caused by chloride ion erosion in 

concrete is the most important reason of structural 

performance degradation. Over the past few decades, 

scholars have focused on the structural performance of 

corroded RC beams. Zhang et al. [1] and Zhang [2] et al. 

proposed the calculation formula of the ultimate bearing 

capacity of corroded RC beams, and verified the correctness 

of models through a series of tests on corroded beams. Sun 

at al. [3], Maaddawy et al. [4] and Yang [5] et al. have also 

established models of stiffness degradation model caused 

by the degeneration of bond stress between corroded steel 

bar and concrete. Wu [6] et al. studied the deformation 

performance and failure model of corroded RC beam under 

fatigue loading. Li [7] and Vidal [8] et al. examined the 

relationship between corrosion rate and crack width and 

proposed a calculation model of crack with. Du [9] et al. and 

Malumbela [10-13] et al. studied the mechanical properties 

of bending stiffness, stress strain and residual bearing 

capacity of corroded beams under the stress state. 

The strengthening technology of steel plate has been 

widely used in engineering because of its simple 

construction, low cost and good strengthening effect. 

Scholars mainly focuses on the structural behavior of non-

corroded beam. Ren et al. [14] studied the influence of 

anchorage spacing and loading on the strengthening effect 

of concrete beams strengthened by bonded steel plates. Gao 

et al. [15] analyzed the influence of amount and position of 

bonded steel and the width-to-thickness ratio of steel plate 

on the deformation and bearing capacity of RC beam 

through test. Raoof [16] et al. proposed the failure model of 

steel plate and pointed out that the spacing of cracks is the 

main reason for failure. Altin [17] et al. proposed a method 

for improving the shear resistance of T-beams strengthened 

by different side-mounted steel plates. Experiment results 

show that different shapes and layouts of side-laying modes 

have different effects on the failure mode and shear capacity 

of T-beams. Su [18-20] et al. studied the nonlinear behavior 

of RC beams laterally anchored by steel plate, as well as the 

influence of anchor placement, and the shear transfer 

between steel plates and anchors.  

The above-mentioned studies on corroded RC beams 

have not considered the strengthening measures after 

degradation of mechanical properties. The researches on the 

strengthened beam also have not considered the corrosion 

of steel bar. However, in practice, the strengthening strategy 

is often carried out after the properties of RC structure 

appears degraded caused by steel bar corrosion. There are 

few theoretical studies that focused on the deflection 

behavior of corroded RC beam strengthened by steel plate 

[21-23]. 

In this paper, the formulas for calculating the stiffness of 

RC beams are improved, the stiffness calculation formula of 

corroded beams strengthened by steel plates is deduced 

considering the geometric, physical and mechanical 

equilibrium. Nine corroded beams are strengthened by steel 

plates, the static test results of which are used to verify the 

correctness of calculation method. The influence of 

corrosion rate and thickness of steel plate on the stiffness 

are analyzed through the deflection change.  

 

* Corresponding author e-mail: guoguo91@126.com. 



 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 1  (ISSN 1995-6665) 66 

2. Theoretical Calculation of Stiffness of Corroded 

Beams Strengthened by Steel Plates 

2.1. Analysis of Corrosion Model  

The pitting corrosion is more consistent with the actual 

corrosion pattern of steel bar. Therefore, the pitting 

corrosion model should be adopted in the calculation model. 

The model of corroded steel bar proposed by Val [24] is 

used in this paper, as shown in the follows: 

 
Figure 1. Model of steel bar with pitting corrosion. 

The remaining cross-sectional area of steel bar in the 

model can be expressed as: 
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In the above formula, S1 and S2 represent two semi-

elliptical areas outside the shaded area, expressed as 

follows: 
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In reference [25], it is pointed out that the yield strength 

of steel bar with pitting erosion is linear: 

 (1 100)s sc
yc y

s

A A
f f

A



              (3) 

where fyc is yield strength of steel bar with pitting 

corrosion, fy is yield strength of steel bar without corrosion, 

As is cross-sectional area of steel bar without corrosion, λ is 

the experimental parameter. Through a large number of 

experiments results for plain steel bars and ribbed steel bars, 

Peng et al. [26] showed the value of λ is 0.0035. 

2.2.  Stiffness Analysis of Corroded Steel Bars 

To analyze the stiffness of corroded RC beams 

strengthened by steel plates, the basic assumptions are: 

1. The plane cross-section assumption is still applied to 

concrete strain; 

2. Due to the influence of steel bar corrosion, the strain of 

tensile reinforcement is not compatible with the concrete 

strain at the same position, and the plane cross-section 

assumption is no longer applicable; 

3. The tensile strength of concrete in the tension zone is no 

longer considered due to corrosion expansion. 

The force of concrete beam strengthened by the steel 

plate is shown in Fig. 2: 

 
Figure 2. Forced section of the test beam after steel plate 
reinforcement. 

 

It can be concluded from the equilibrium condition that: 
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where αsc is strength utilization factor of steel bar [1], b 

is depth of beam, β is coordinated working coefficient of 

steel plate and longitudinal steel bar, xcr is depth of 

compressive zone, α1 is the ratio of the stress value of 

equivalent rectangle stress diagram to the axial compressive 

strength, which is obtained according to the Code for 

Design of Concrete Structures (GB50010-2012). 

Assuming that the hsp is the distance from the joint action 

point of corroded tensile reinforcement and steel plate to the 

top of e beam, which is obtained from the centroid method 

[15] that: 
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The key to calculating the deflection of an RC beam is 

to find its curvature and stiffness. The experimental results 

show that the failure process of corroded RC beams 

strengthened by steel plates is similar to that of corroded RC 

beams without strengthening. Due to the degradation of 

bond stress after corrosion, the strain of steel bar in the 

middle section lags that of concrete. Thus, the 

incompatibility between steel bar and concrete should be 

considered. 

The stiffness and curvature of the section can be 

expressed as: 
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B
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Where, B is flexural stiffness, M is external bending 

moment, φ is sectional curvature. 

According to the stiffness theory in material mechanics, 

the sectional curvature can be deduced from the 

geometrical, physical, and equilibrium conditions of the 

section. Fig. 3 shows the stress distribution of simple 

bending section and mid-span section of corroded-

strengthened beam: 
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(1) 

 
(2) 

Figure 3. Stress distribution of simple bending section and mid-

span section. 

 

(1) Geometrical condition: 
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where εcc is concrete strain at the top of compression 

zone, εs is concrete strain near the tensile steel bar, εp is the 

average strain of bottom steel plate, hsp is effective height of 

converted section, p(ηs) is strain incompatibility coefficient 

of steel bars [27], q(ηs) is cohesion degradation correction 

factor, ψ is obtained according to the Code for Design of 

Concrete Structures (GB50010—2012). 

(2) Physical relationship between stress and strain 

The stress distribution of crack section is shown in Fig. 

3. The stress-strain relationship of the top concrete, tensile 

reinforcement and steel plate is expressed as: 
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where, σc is concrete stress on top of beam, σs is stress of 

tensile steel bar, σpy is steel plate stress, Ec is elasticity 

modulus of concrete, Es is elasticity modulus of tensile steel 

bar, EP is elasticity modulus of steel plate. 

(3) Equilibrium condition of stress 

Based on the stress distribution in Fig.s (2) and (3), the 

equilibrium equation can be obtained: 
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where M is the bending moment of cross section, ω is 

the stress and shape integrity coefficient in the compressed 

zone, η is the coefficient of internal force arm on crack 

section, h0 is the effective height of section. 

Combining the above three conditions in formula (7) and 

(8), we conclude that the short-term stiffness of corroded-

strengthened beam is: 
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After the bending stiffness is obtained, the following simplified formula can be used to calculate the deflection value of 

beam [15]: 
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where S denotes the deflection calculation coefficient related to the load and the support condition, S is 13/216 for 4-point 

loading and S is 1/12 for mid-span concentrated load. 
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3. Experimental Investigation 

3.1. Design of Tested Beam 

There is a total of 9 tested beams. The reinforcement 

details of the specimens are shown in Fig. 4. Each specimen 

is 1,800 mm long, 150 mm wide, and 300 mm deep with a 

rectangular cross section and reinforced by two 22-mm-

diameter (hot-rolled ribbed reinforcement steel bars) bottom 

longitudinal deformed reinforcing bars, two 16-mm-

diameter top longitudinal deformed reinforcing bars, and 8-

mm-diameter epoxy-coated deformed reinforcing stirrups 

spaced at 100 mm at the middle and 70 mm at the ends. A 

typical clear cover of 30 mm was used all around the 

stirrups. 

 
Figure 4. Test beam reinforcement drawing. 

3.2. Test Material Properties 

 The average compressive strength of concrete measured 

by concrete strength test is 29.85 MPa. The yield strength 

of stirrups, compression and tensile reinforcement is 

respectively 338 MPa, 336 MPa and 340 MPa. All steel bars 

have a modulus of elasticity of 200 GPa. The yield strength 

of the reinforced steel plate is 238 MPa. The adhesive layer 

uses JN-S structural adhesive produced by Good Bond 

Company. The layer boasts a compressive strength of 89.5 

MPa and a bonding strength with concrete of 4.0 MPa. 

3.3. Corrosion of Tensile Steel bar and Installation of Steel 

Plate 

As shown in Fig. 5, beams are immersed horizontally in 

a steel iron water tank, which has a size of 2,200 mm long, 

700 mm wide, and 800 mm high, to a depth of about 200 

mm in a 5% NaCl solution. Both ends of all specimens are 

placed above the concrete blocks and immersed up to one-

third of their height in the solution. Distilled water is used 

to prepare the solution. A stainless-steel plate of 1.2 ×350 × 

1,800 mm is immersed in the solution to be used as a counter 

electrode. The positive output is connected to the deformed 

bar, whereas the negative output is connected to the 

stainless-steel plate. The current supplied to each specimen 

is checked on a regular schedule and any shift is corrected 

by adjusting the ammeter, which monitored the cell current. 

The current intensity of the power supply and the corrosion 

period are selected for each beam in order to achieve the 

desired degree of corrosion of the submerged reinforcing 

bar. Therefore, a constant current of 1,760 mA was applied 

to each specimen for a period of 12 days to obtain 

theoretical mass loss of 10% in tension. The corrosion rate 

of 9 tested beams was divided into 3 grades, respectively of 

10%, 20% and 30%. The thickness of steel plate is divided 

into 3 levels, 2 mm, 4 mm and 6 mm. The steel corrosion 

and steel plate layout are shown in Fig. 5 (1) and (2). 

 
(1) Fast electrochemical corrosion 

 
(2) Schematic diagram of bonded steel plate 

Figure 5. Steel corrosion and bonded steel plate. 

3.4. Loading Method 

Following the corrosion period and strengthening work, 

all specimens were monotonically loaded in midpoint 

loading (Fig. 6). The load is applied using a 500 kN 

hydraulic jack through a bearing plate to the beam 

specimens. Per loading increment is 5 kN at the beginning 

of loading. The strain and deflection of steel plate across the 

middle and 1/4 span were recorded. The distribution of 

cracks on both sides of tested beam is also depicted. 

 
Figure 6. Test beam loading 

4. Discussion of Tested Results 

4.1. Corrosion of steel bar 

Fig. 7 presents corrosion-induced cracks distribution of 

the beam specimens P1 and P2. It can be observed from Fig. 

7 that the longitudinal corrosion-induced cracks are mainly 

on the side face along the longitudinal main reinforcements 

of beam specimens. This is resulted from the radial stress 

induced by the corrosion products exceeding concrete 

tensile strength. However, there is difference for the 

corrosion-induced crack distribution of each beam because 

of the non-uniform pitting corrosion. The factors such as 

impressed current density, the PH of NaCl solution and 

penetration rate of the Cl- ions varies in the process of 

corrosion, which leads to the dispersion of corrosion pit on 

the surface of the steel bar, and then the corrosion-induced 
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cracks distribution will be different. The corrosion 

conditions of tensile bars that are respectively located at 10 

cm to 40 cm of beam specimen P1 and 40 cm to 80 cm of 

beam specimen P2 are also shown in Fig. 8. As can be 

observed in Fig. 7, the corrosion of tensile steel 

reinforcements has already reached the generalized 

corrosion stage defined by Zhang et al. [28]. In this stage, 

there is corrosion all along the bars, and there are also some 

zones where pit corrosion is significant. 

4.1.1. Influence of steel plate thickness on the deformation 

of beam 

Because there is a deviation between the measured 

corrosion rate and the design value in this test, beams with 

the similar corrosion rate are selected for comparison. Fig. 

7 is the load-mid-span deflection curve of the test beam with 

the same protective layer and different thickness of steel 

plate. As can be seen from Fig.8, when the thickness of 

concrete protective layer is the same and the corrosion rate 

of steel bar is similar, the stiffness of the test beam is 

obviously lager as the thickness of steel plate increases from 

2 to 4 mm. However, as the thickness of steel plate 

continues to increase, the steel degree of the test beam 

increases gradually. Under the same load, the mid-span 

deflection of the strengthened beam decreases with the 

increase of the reinforcement thickness of steel plate. The 

ductility of the stiffness of test beam decreases with the 

increase of the thickness of steel plate. 

 
Figure 8. Load-mid-span deflection of beam with cover 
thickness=35mm 

 

4.2. Influence of the thickness of protective layer on the 

deformation performance of the beam 

Fig. 9 shows the load-mid-span deflection curve of 

test beam with different thickness of concrete cover 

with the same thickness of steel plate. As shown in 

Fig. 8, when the thickness of steel plate is 4 mm, the 

thickness of the concrete protective layer is changed, 

and the P–δ curves of each test beam are very close in 

the loading process. This indicates that when the 

corrosion rate of reinforcement is similar, the 

thickness of steel plate is the same when the corroded 

beam is strengthened, and the deformation 

performance of the beam is less affected by changing 

the thickness of the concrete protective layer.

 
Figure 7. Corrosion-induced cracks distribution of the beam specimens and corrosion condition of tensile steel reinforcement: (a) P1; (b) P2 
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Figure 9. Load-mid-span deflection of beam with steel plate 
thickness=4mm 

4.3. Comparison of Tested Values with Theoretical Values 

of Deflection 

A comparison of theoretical and experimental values of 

mid-span ultimate deflection is given in Table 1, which 

shows that the theoretical value of ultimate deflection is 

close to the experimental value. The correlation between the 

tested value and theoretical value is listed in Fig. 10. The 

ratio of tested value to theoretical value ranges from 1.01 to 

1.11, and the mean and coefficient of ratio variation are 

respectively 1.04 and 0.037. The results show that the 

theoretical formulas of stiffness and deflection presented in 

this paper can be used to predict the tested values. 

 

Figure 10. Correlation between theoretical values and tested 
values. 

Theoretical and tested results show that when the steel 

plate increased by 2 mm and the corrosion rate is close, For 

example, beams P1 and P2, beams P4 and P5, the ultimate 

mid-span deflection of decreased by about 2.7 mm. 

Comparing beams P7, P8 and P9, it can be found that when 

the corrosion rate reaches about 30%, the mid-span 

deflection decreases as stiffness increases. It shows that the 

influence of thickness of steel plate on the increase of 

stiffness is not linearly. When the thickness of steel plate 

exceeds a certain value, the ultimate bearing capacity and 

stiffness no longer increase linearly [15, 29, 30]. 

Under the condition of same thickness of steel plate, 

when the corrosion rate is less than 20%, the deflection 

increases about 3 mm as the corrosion rate is increased by 

10%. This shows that the influence of corrosion rate on the 

deflection of corroded-strengthened beams is greater than 

the thickness of the steel plate. When the corrosion rate 

reaches 30%, the increased deflection of beam compared 

with beam with 20% corrosion rate is lower than that 

between beams with 10% and 20% corrosion rate  It is also 

stated that the corrosion rate has a limited effect on the 

reduction in stiffness. 

Table 1. Comparison of calculated and tested values of deflection 

theory. 

No. 
t 

(mm) 

c 

(mm) 

fc 

(MPa) 

Average 

corrosion 

rate 

δ (mm) 

theoretical 

value 

δ (mm) 

experimental 

value 

P1 2 25 30.4 9.60% 9.56 9.06 

P 2 4 25 29.8 11.20% 6.38 6.28 

P 3 6 25 29.5 11.60% 5.89 5.3 

P 4 2 30 30.6 19.80% 12.8 12.5 

P 5 4 30 29.9 20.50% 10.1 9.8 

P 6 6 30 30 21.50% 8.03 7.8 

P 7 2 35 28.5 31.5% 13.97 13.84 

P 8 4 35 29.6 28.91% 11.95 11.60 

P 9 6 35 30.4 29.8% 10.1 10.21 

5. CONCLUSIONS 

This paper revises the formula in cord and proposes the 

formula for calculating the stiffness and deflection of 

corroded beams strengthened by steel plate. The correctness 

of deflection formula is verified by the test study of nine 

corroded-strengthened beams. At the same time, the 

influence of the thickness of steel plate and corrosion rate 

on the stiffness of corroded-strengthened beam is analyzed. 

following conclusions can be drawn: 

1. The theoretical results of mid-span deflection are close 

to the tested results. The theoretical calculation formula 

can better predict the stiffness and deflection values of 

corroded beams strengthened by steel plate. 

2. The corrosion rate has a limited influence on the 

reduction of stiffness. When the thickness of steel plate 

reaches 6 mm and the corrosion rate reaches 30%, the 

change of deflection will decrease. 

3. When the thickness of steel plate exceeds a certain value, 

the ultimate bearing capacity and stiffness no longer 

increase linearly. 

4. Comparing the influence of both the thickness of the 

steel plate and corrosion rate on the deflection, it can be 

found that the effect of the corrosion rate on the stiffness 

is greater than that of steel plate thickness. 
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Abstract 

Due to the development of motor drive system towards high power, integration and high-power density, this model cannot 

control mechanical vibration caused by electromechanical coupling. A new electromechanical coupling model of alternating 

current (AC) induction motor drive system is proposed. The transient characteristics of the motor were studied by multi-scale 

method, and the electromechanical coupling dynamic characteristics of the drive system were extracted. According to the 

dynamometer, the impact load is applied to the drive system, which causes the load on the inertial flywheel to suddenly increase 

by 3.5 times from 2500 Nm. The service coefficient of the realization shaft is defined as the ratio of the measured post-impact 

torque to the average pre-impact torque. The experimental results show that when the AC asynchronous motor's influence is 

passed through the electromechanical coupling model, the difference between the input and output shafts of the gearbox is 

minimal, and when the AC asynchronous motor's influence is different, the input and output shafts of the gearbox are maximum. 

It can be seen that the electromechanical coupling model established in this paper can control the mechanical vibration caused 

by electromechanical coupling and convert the internal load threat to the external load threat. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

All kinds of electromechanical systems generally have 

the phenomenon of electromechanical coupling. The 

general electromechanical systems are composed of 

mechanical system, electrical system and coupling 

magnetic field. The mechanical coupling parameters 

include displacement, angle, force, moment, speed and 

acceleration; the electromagnetic coupling parameters 

include voltage, current, magnetic field strength and air gap 

permeability. In the electromechanical system, a variety of 

physical processes exist at the same time, integrating all the 

dynamic processes. Its essence is to connect the mechanical 

system with the electrical system by coupling the magnetic 

field, so as to achieve the purpose of energy transfer [1]. It 

can be said that "coupling" has become an important feature 

of electromechanical system. On the one hand, it determines 

the function generation of the system, and it is the form that 

the system relies on to achieve its functional objectives; on 

the other hand, it determines the operation performance of 

the system. Traditional methods study different 

electromechanical coupling models for AC asynchronous 

motor, which are used to control the use of AC 

asynchronous motor. However, after many tests, it is found 

that there are some disadvantages in this model. Therefore, 

aiming at this question, the electromechanical coupling 

model of AC asynchronous motor drive system based on 

multiscale method is studied. 

In essence, almost all scientific and engineering 

problems are multiscale. At the atomic scale, matter is made 

up of nuclei and electrons. Meanwhile, atomic time is 

marked in femtoseconds (10-15 seconds). In everyday life, 

time scales are known to be much larger. Therefore, in the 

face of some special problems, scales that are easily 

perceived are generally called macroscopic scales, while 

very small scales are called microscopic scales. In many 

cases, multi-scale effects are not that important. The 

equivalent physical and mathematical models of 

microprocesses are considered and satisfactory results are 

obtained. Most real-life scientific models are based on this 

assumption [2]. For example, in the study of fluid motion, 

people pay more attention to the change of fluid density and 

the distribution of flow field. For the molecular scale 

microscopic processes, the equation of state and the 

constitutive model are used to describe. These equivalent 

models are generally built on the micro scale, based on a lot 

of theoretical derivation and work accumulation, and have 

achieved many successful applications, but also have 

obvious limitations. The most obvious limitation is its 

accuracy. For complex systems, when the modeling error 

greatly exceeds the solving error, the practicability of the 

model is problematic. In addition, for those who are 

interested in microscopic mechanisms, the equivalent 

model can only be ignored blindly; Finally, for some 

complex systems, the equivalent models are often based on 

empirical formulas without strict theoretical basis. 

Therefore, people are more inclined to use micro scale 

models with higher accuracy and more complete physical 

and theoretical models. However, this is not the best choice, 
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and the result will be huge preprocessing effort and 

redundant data. Therefore, the multi-scale method came 

into being. Multi-scale method is one of the main research 

directions in the development of science and technology. It 

is a science that studies the modeling and solving methods 

of coupling phenomena between important features of 

different spatial and temporal scales. Through the coupling 

of different scale models, [3] fully absorbed the advantages 

of simple and efficient macroscopic scale and more accurate 

microscopic scale. Literature [3] proposed a model 

reference adaptive control (MRAC) method for the 

intelligent control of permanent magnet AC servo system. 

The system can identify parameters online and modify the 

network teacher values, which has strong robustness. But 

the accuracy of this method is low. Literature [4] proposed 

a design method of sliding mode fuzzy controller based on 

Sugeno type fuzzy reasoning and applied this method to the 

design of position controller of AC servo system of 

permanent magnet synchronous motor, which has good 

dynamic following performance and strong robustness, and 

effectively weakens the jitter. But the control of this method 

is not stableherefore, the basic research task of 

electromechanical coupling of AC induction motor drive 

system by using the proposed method is to study reasonable 

equivalent methods and coupling methods between 

different scales according to the required computational 

accuracy,  as to obtain the required information more 

efficiently and accurately. 

2. Electromechanical coupling model of AC 

asynchronous motor drive system based on multiscale 

method 

2.1. Study of motor transient characteristics based on 

multiscale method 

There are many different  schemes which can be used to 

discretize the equations of motion and to establish the step-

by-step numerical integration formula. In the field of 

computational science, the central difference method is 

widely used. It is based on the central difference formula of 

acceleration and velocity. The simulation time 10 t t 
 is 

divided into 1n   to 
*n  steps with time interval nt . 

*n  

is the number of time steps; 1t  is the end time of the 

simulation; nl  is the displacement vector of the n -th time 

step. It is known that during the working process of the AC 

asynchronous motor drive system, with the deformation of 

the element in the calculation process, the change of the 

element characteristic size and the change of the critical 

stability integration step length will be caused. Therefore, 

this paper takes the explicit integration method with 

variable time step as an example, and Figure 1 is the 

schematic diagram of the time-domain discrete effect of the 

central difference method [4]. 

The time increment relationship is defined as formula 

(1): 
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Figure 1. Time-domain discretization of central difference method 

The central difference scheme of velocity is defined as 

follows: 
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Then the corresponding displacement recurrence 

formula is: 
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The expression of acceleration is: 
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The corresponding speed expression is: 
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In the above formula: ns
 represents velocity; nc

 

represents acceleration. According to Figure 1 and the 

above derivation process, the central difference method in 

the multiscale method defines the speed at the midpoint of 

the time interval. The relationship between acceleration and 

displacement can be obtained by taking the above formula 

into formula (3): 
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          (6) 

In the case of equal step size, the above formula is 

simplified as: 
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           (7) 

With the above discrete scheme, the integration of the 

motion equations in the time domain is discussed. Without 

considering the damping temporarily, the following formula 

is given in the n -th step: 

 
     in in out

n n n n n nKc W Ml W W             (8) 

The above formula is a second-order ordinary 

differential equation for time, where 
 in

nW
 and 

 out

nW
 

represent internal and external nodal forces, 
nMl  and 

n  is 

a function of displacement and time [5]. The internal joint 

force is related to the displacement of the structure, while 

the external joint force is usually time-dependent but may 

also be related to the displacement of the joint. According 

to the constitutive equation of the AC asynchronous motor 

and the strain and strain rate of the element, the element 

stress is solved, and then the internal node force is obtained, 

while the strain and strain rate are directly determined by 
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the displacement and its derivative. The update format of 

node speed is: 

 
1

1 1

2 2

n
n n

s s tK 

 
                             (9) 

Given the time step n , the n ode force . nl , the 

constitutive equation and the external force of the node, so 

that the 

1

2
n

s


 can be solved by the above formula, and the 

1nl  can be obtained by combining the formula (3). When 

the mass matrix K  is simplified reasonably, it becomes a 

diagonal matrix, so that the updating of node velocity and 

displacement can be realized without solving any equation, 

which is conducive to saving memory and dealing with 

large-scale questions, which is the significant advantage and 

feature of the multiscale method. Using the multiscale 

method with central difference proposed above, the 

transient characteristics of the motor are studied [6]. 

2.2. Extraction of electromechanical coupling dynamic 

characteristics of drive system 

The centralized parameter method is used to analyze the 

dynamic characteristics of the gear system. The following 

assumptions are adopted in the process: 

1. Each gear and rotor component is simplified to a lumped 

mass (inertia); 

2. (2) Each gear is an involute spur gear. The meshing force 

between gears always acts on the meshing surface and is 

perpendicular to the contact line of the tooth surface. 

3. Gear pair, bearing and transmission shafting are 

simplified to be connected by concentrated stiffness and 

damping. 

4. The friction between the teeth is ignored. 

5. The mass, size and other structural parameters of the 

same planetary gear are the same. 

6. The damping in the system is viscous damping. 

7. Each gear only considers three degrees of freedom in its 

own plane, including translational vibration along the 

radial direction and torsional movement along the axial 

direction. 

8. Assuming that the box body is a rigid body, the influence 

of its mass and stiffness on the drive system is ignored 

[7]. 

The translation and torsion mode of the AC 

asynchronous motor drive system is shown in Figure 2. 

In the figure, ir  is the radius of the gear; 12g
 is the time-

varying meshing stiffness of the gear pair; 12z
 is the 

meshing damping; 12b
 is the comprehensive meshing error; 

12
 is the meshing angle; 

g 
 is the radial support stiffness 

of the gear; 
g 

 is the radial support damping of the gear; 

iZ
 is the rotation moment of the motor drive system; i  is 

the rotation angle of the gear 
 1,2i i 

, and its expression 

is: 
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Figure 2. Translation and torsion diagram of AC asynchronous motor drive system 
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In the formula: i  is the rotational angular velocity of 

the rigid body of gear i , which is determined by the 

moment of prime mover and load in real time. This term has 

not been considered in the previous lumped parameter 

model of gear transmission; ih
 is the angular displacement 

of elastic torsional vibration superimposed on the rigid body 

motion. In the past, researchers set the speed of gear as 

known, and reflect the law of speed change through the 

frequency of meshing stiffness. When running in the 

unsteady state, affected by the electric part of the motor and 

the external load of the system, the gear speed and meshing 

period are random and time-varying, so it is inconvenient to 

use time description. However, it is noted that no matter 

how the rotating speed changes, the active and passive gears 

rotate a pitch angle in each meshing cycle. Therefore, the 

gear angle can be used instead of time to represent the 

meshing cycle, that is: 

1 1
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                                                         (11) 

In the formula, T  and   represent the meshing period 

of gear pair measured by time and angle respectively; 1C
 

represents the number of teeth of driving gear. Furthermore, 

the time-varying meshing stiffness and the comprehensive 

meshing error are fitted to a function that changes with the 

fixed period of the gear angle by the Fourier series method. 

     (12) 

In the formula, 12g
 represents the average value of 

meshing stiffness in a meshing period, which can be 

obtained by potential energy method; d  represents the 

expansion coefficient of Fourier series, 

1.5 sin 2
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g d e

d






     
, where 

g
 represents the 

meshing stiffness in single tooth area, 
e  represents the 

coincidence degree; d  represents the harmonic number; 

12
 represents the initial phase of meshing stiffness; 12Q

 

represents the meshing frequency error; 1  represents the 

initial phase of error respectively [8]. The time-varying of 

meshing damping is ignored, so the meshing damping is 

expressed as a linear time invariant parameter 

1 2
12 12 12
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2
u u

z g
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                                         (13) 

In the formula, 12
 represents the meshing damping 

ratio, generally within the range of 0.03 ~ 0.17 ; 1u
 and 

2u
 represent the mass of adjacent gears. Considering the 

three meshing states of gear tooth surface contact, 

separation and tooth back contact, the tooth surface meshing 

deformation 12

q


 and tooth back meshing deformation 12

q


 

of the fixed shaft gear pair can be expressed as follows: 

   
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
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         (14) 

In the formula, x  and 
y

 are the translation vibration 

displacements in x  and 
y

 directions of gear i  

respectively. Accordingly, the calculation expression of 

meshing force 12F
 of fixed shaft gear pair is as follows: 
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   (15) 

where: 12

qg


 and 12

qg


 respectively represent the meshing 

stiffness when the tooth surface and the tooth back contact; 

12

qf


 and 12

qf


 are used to judge the contact state of the gear 

pair, where 12q
 represents the tooth side clearance, the 

value of which is 

 12 12 12

2
0.06 0.0005 0.03

3
q A K    

, and 12A
 is the 

center distance of the gear pair. Considering the rigid body 

rotation and elastic vibration of each gear, the translation 

and torsion motion equation of AC asynchronous motor is 

established. 

 

12 12
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   

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         (16) 

In the formula: iG
 represents the moment of inertia of 

gear i ; 
1ia 

 corresponds to the driving gear on the left 

side of Fig. 2, and 
1ia  

 corresponds to the rotating gear 

on the right side of Fig. 2. According to the above process, 

the electromechanical coupling dynamics of the drive 

system is analyzed and extracted [9]. 

2.3. Extraction of operation characteristics of AC 

asynchronous motor 

AC asynchronous motor is a high order, nonlinear, 

strong coupling multivariable system. Some basic 

assumptions are usually made in the research: 

1. It is assumed that the three-phase winding is 

symmetrical and the difference between them is 120 ° in 

space. The generated magnetomotive force is sinusoidal 

along the air gap; 

2. Ignoring the saturation of magnetic circuit, the self-

inductance and mutual inductance of each winding are 

constant; 

3. Core loss is ignored; 

4. The influence of frequency change and temperature 

change on winding resistance is not considered. 

A control test is a functional requirement that 

implements a requirement definition for a single logical 
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function and determines whether the requirement really 

should be reflected in the requirement.The dynamic model 

of AC asynchronous motor includes voltage balance 

equation, Newton equation, flux equation and torque 

equation. Among them, the number of voltage balance 

equations is related to the number of winding sets. N  set 

of winding includes N  differential equations [10]. The 

stator-side’s voltage balance equation of three-phase 

winding motor can be written as follows: 

 
d

U RI
dt


                                           (17) 

wherein  

  , , , , ,A B C a b cU U U U U U U          (18) 
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         (20) 

The flux equation at the stator side can be written as 

follows: 

 HI                                                           (21) 

Then the inductance matrix is: 

AA AB AC Aa Ab Ac

BA BB BC Ba Bb Bc

CA CB CC Ca Cb Cc

aA aA aA aa ab ab

bA bA bA ba bb bc

cA cA cA ca cb cc

L L L L L L

L L L L L L

L L L L L L
H

L L L L L L

L L L L L L

L L L L L L

 
 
 
 

  
 
 
 
 

              (22) 

where, the diagonal elements in the matrix are self-

inductance of each winding, and the rest are mutual 

inductance between corresponding windings. It is known 

that the stator winding of AC asynchronous motor is three-

phase, the spatial difference of winding is 

2

3


, and all 

phases have a non-zero mutual inductance, which will cause 

the voltage balance equation to be very complex in the 

modeling process, and the model can be simplified by 

equivalent transformation to two-phase coordinates [11]. 

The stator phase current is equal to the magnetomotive force 

divided by the number of turns of the stator phase winding. 

The two-phase equivalent motor is composed of two 

orthogonal windings. The vector 
j

 can be considered as 

the sum of two independent phase current vectors projected 

on the 
 

 orthogonal coordinate system, and the mutual 

inductance between the two orthogonal windings is zero. 

When the two-phase equivalent transformation is 

introduced, the same flux, magnetic energy and torque 

should be ensured as the initial three-phase motor. This 

requires that the amplitude and spatial direction of the 

magnetomotive force O  of the stator remain unchanged. 
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In the formula, 1 , 2  and 3  represent the adjustment 

coefficients of different parameters. At this time, the 

number of winding turns of two-phase equivalent motor 

needs to be increased to 1.5 times of the previous one. After 

conversion, the voltage and current amplitude, impedance 

and inductance remain unchanged, and the power 

2

3
abc

P P 
 [12]. Then the flux equation is: 

(26) 

According to the above flux equation, the operation 

characteristics of AC asynchronous motor are extracted. 

Based on this, the electromechanical coupling model of AC 

asynchronous motor drive system based on multiscale 

method is constructed. 

2.4. Establishment of electromechanical coupling model 

considering rotor eccentricity of asynchronous motor 

As the energy source of the rolling mill drive system, the 

dynamic behavior of the motor directly affects the 

performance of the main drive system of the rolling mill. 

For example, motor current has harmonics, motor speed and 

electromagnetic torque fluctuations affect the load. The 

motor with eccentric stator produces cogging torque with 

harmonic and unbalanced magnetic pull, while the rotor 

with eccentric rotor produces harmonic and Uniform 

Magnatic Field (UMF) cogging torque, and the number of 

poles is ± 1st harmonic. Many researchers have studied the 

dynamic behavior of motor. The control equations of motor 

rotation and electromagnetic behavior are derived. The 

transient dynamic characteristics of the motor with dynamic 

rotor eccentricity and unbalanced electromagnetic 

excitation are studied by using multiscale method. The 

unbalanced magnetic torque of the motor is analyzed by 

using Fourier series to determine the electromagnetic force. 

The electromagnetic force is introduced into the motor 

translation motion equation, and it is considered that the 

electromagnetic behavior affects the mechanical behavior, 

but the mechanical behavior can not affect electromagnetic 

behavior. However, in a real motor, there is an interaction 

between mechanical and electromagnetic behaviors. 

Therefore, it is necessary to study the dynamic behavior of 

the motor by deriving the control equation considering the 

interaction between mechanical and electromagnetic 

behaviors. In this study, the dynamic behavior of the motor 
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is studied when the mechanical and electromagnetic 

interaction of the motor changes and the air gap between the 

stator and rotor changes. Considering the translational and 

rotational motion of the rotor, the nonlinear equation based 

on Lagrangian equation is derived by using dynamics and 

energetics, and the dynamic characteristics and mechanical 

and electromagnetic interaction of the motor are analyzed 

[13-15]. The effects of motor eccentricity on stator current, 

electromagnetic torque and rotor speed are studied. 

Rotor eccentricity is generally divided into static 

eccentricity, dynamic eccentricity and mixed eccentricity. 

Static eccentricity means that the geometric center of the 

rotor is the center of rotation, and the centers of the stator 

and the rotor are not coincident. That is, the fixed position 

of the rotor in a certain direction of the stator is eccentric 

and rotates. At this time, no matter how the rotor rotates, the 

minimum position M  of the rotor air gap does not change, 

and the air gap length does not change in the spatial 

distribution of the motor. This situation is generally caused 

by installation error or inaccurate processing of parts. Rotor 

dynamic eccentricity refers to that the rotor takes the stator 

center as the rotation center, the position of air gap in space 

changes with time, the minimum position of air gap changes 

constantly, and the length of air gap changes with the rotor 

rotation. Dynamic eccentricity is easy to occur in the 

condition of bearing damage, main shaft bending and 

misalignment of rotor and stator center during installation. 

The geometry of the motor’s rotor eccentricity is shown in 

Figure 3 below. 
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Figure 3. Geometry of rotor eccentricity 

Mixed eccentricity refers to the situation that static 

eccentricity and dynamic eccentricity occur at the same 

time. Let the geometric center of the stator be 1o
, the 

geometric center of the rotor be 2o
; 1r  and 2r  are the stator 

radius and the rotor radius respectively. When the rotor 

appears eccentricity, the dotted line position of the rotor 

moves to the solid line position, the mass center D  of the 

rotor rotates, and the rotation angle is expressed by  . At 

this time, the air gap between the rotor and the stator at w  

will no longer be constant, that is, the air gap length d  will 

change; the eccentric length between 2o
 and D  is 

expressed by e . Taking the point as the coordinate center, 

the 
x y

 coordinate system is established [16]. According 

to the coordinate system, the relative eccentricity is 

obtained. The kinetic energy of the drive system can be 

expressed as: 

 
21

2
r d

E E                                            (27) 

In the formula,   represents the moment of inertia of 

the rotor under relative eccentricity. The potential energy of 

the drive system is expressed as: 

  
21

2
r d

V V                               (28) 

where: 


 is the elasticity coefficient of rotor shaft. 

According to the Lagrange theorem, the equations are 

obtained. 
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In the formula,   is the generalized coordinate, which 

is the generalized moment of x , 
y

 and z . If 

x yL L O 
, eL T  , then according to the above 

equation, the electromechanical coupling model with 

mechanical and electromagnetic interaction is obtained 
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(30) 

In the formula: 1a
 represents the equivalent damping 

coefficient of the rotor's translational motion; 2a
 represents 

the equivalent damping coefficient of the rotor's rotational 

motion. So far, the electromechanical coupling model of AC 

asynchronous motor drive system based on multiscale 

method has been constructed [17]. 

3. Experimental study 

In order to verify the reliability of the control effect of 

the electromechanical coupling model for the AC 

asynchronous motor drive system, the experimental 

platform of AC asynchronous motor drive system is built to 

carry out the experimental research on the dynamic 

characteristics of the system under the impact load 

condition, as more comprehensive and real dynamic 

characteristics of the motor gear drive system are obtained. 

The experimental results of the model established in this 

paper are compared with that of the traditional 

electromechanical coupling model, to provide the 

experimental basis for the dynamic design, condition 

monitoring and load shedding control of the drive system. 

3.1. Experiment process 

In order to maintain the similarity between the 

experimental system and the drive system, the main 

structural features of the drive system are preserved in the 

design of the experimental bench: between the driving 

motor and the drive system, a slender elastic shaft is set to 

simulate the AC asynchronous elastic torque shaft, and 
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between the loading device and the drive system, an inertia 

flywheel is set to simulate the AC asynchronous large 

inertia roller. Because the motor drive system has many 

stages and high failure rate, in order to reduce the number 

of parts and improve the reliability of the system, the 

research plans to use the NGWN (planetary reducer) type of 

planetary gear transmission with large speed ratio instead of 

the multi-stage gear drive system of the AC asynchronous 

motor. Therefore, the NGWN type of planetary gear box 

with large speed ratio is developed and used in this 

experimental platform. In view of the difference between 

the experimental gearbox and the AC asynchronous motor 

drive system, when arranging the sensors, the dynamic 

characteristics of the area with similar structure to the drive 

system are mainly concerned, such as the dynamic load on 

the connecting shaft of the elastic shaft and the inertia 

flywheel and the dynamic response of the motor current. 

The common questions of the test-bed and the AC 

asynchronous motor drive system can be verified by 

experiments, including: the dynamic load response law of 

the drive system under variable speed and variable load 

conditions, the influence law of the torsional vibration of 

the drive system on the motor current, the effectiveness of 

the speed control strategy and the influence of different 

speed control strategies on the load state of the system. 

Figure 4 is the actual picture of the gear drive system test-

bed. 

The measurement and control system and software 

based on Disk Space Management Command (dSPACE) 

are designed and developed. The control system can realize 

the following functions: control the drive motor and the 

dynamometer on-line, control the start and stop of the drive 

motor and the dynamometer in the loading system through 

dSPACE, switch the speed/torque control mode and send 

the speed/torque target command value; monitor and collect 

the sensor speed, torque and current signals in real time 

through the QuantumX data acquisition system, and save 

the collected data to provide data support for the subsequent 

experimental analysis; the system has the ability to ensure 

the safe operation of the experimental platform and error 

command processing, to carry out safety limits on the key 

parameters of the system, and to have the function of 

emergency shutdown; the main subsystem of the 

measurement and control system is modularized to facilitate 

the subsequent improvement of the control system design. 

After the test platform and test system run without 

exception, the experiment is started. 

3.2. Test and analysis 

The speed of the drive motor is controlled at 600r / min 

by the frequency converter, and the impact load is applied 

to the drive system by the dynamometer, so that the load on 

the inertia flywheel suddenly increases by 3.5 times from 

2500 Nm. The service coefficient of shaft is defined as the 

ratio of the measured value of torque after impact to the 

average value of torque before impact, and the dynamic load 

coefficient is the ratio of the measured value of torque 

during steady-state phase to the average value of torque. 

Taking the model constructed in this study as the test object 

of the experimental group, and the model constructed by 

two traditional methods as the test object of the control 

group, Figure 5 below is the comparison result of service 

factor of input and output shaft of gearbox at the moment of 

impact of AC asynchronous motor under the application of 

three models. 
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Figure 4. Actual picture of experimental platform 
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According to Figure 5 (a) above, there is no obvious 

difference between the maximum service coefficient of 

high-speed stage and low-speed stage in the experimental 

group, because the planetary transmission structure is 

relatively compact under the control of electromechanical 

coupling model. In the control group 1, the high-speed stage 

and low-speed stage use coefficient have a large difference, 

which shows that the control effect of electromechanical 

coupling model is poor, and the operation effect of planetary 

transmission structure is poor. The high-speed and low-

speed use coefficients of control group 2 are also 

significantly different, which showed the same questions 

with control group 2. The experiment is carried out for two 

times in total, and the difference of service coefficient of 

high-speed stage and low-speed stage of the three test 

groups is shown in Table 1. 

Table 1. Differences of service factor 

Number of 

test 

Experimental 

group 

Control 

group 1 

Control 

group 2 

1st 0.78 0.472 0.545 

2nd 0.71 0.495 0.520 

According to Table 1, in the experimental group, the 

difference of service factor between high-speed stage and 

low-speed stage is very small, while the difference of 

service factor between the control groups is relatively large. 

The electromechanical coupling model in this study has 

better control effect on the planetary transmission structure. 

Under the application of the three models, Figure 6 below 

shows the dynamic load coefficient comparison results of 

the input and output shafts of the gearbox after the impact 

of the AC asynchronous motor.
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(b) Test results of control group 1 
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(c) Test results of control group 2 

Figure 5. Test results of service factor at impact moment 
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According to Figure 6, the dynamic load coefficient of 

the experimental group decreases from the high-speed stage 

to the low-speed stage. After the load is increased, the 

service coefficient increases and the dynamic load 

coefficient decreases. It shows that under the control of the 

electromechanical coupling model, the dynamic load 

caused by the internal excitation such as load increase, 

meshing stiffness, meshing error and so on reduces the 

threat to the safe operation of the system, and the external 

load becomes the main threat. However, the dynamic load 

coefficient of the two control groups does not decrease due 

to the large difference of service coefficient, which shows 

that the dynamic load caused by internal excitation such as 

load aggravation, meshing stiffness and meshing error in the 

two control groups does not weaken the threat to the safe 

operation of the drive system, and the main threat to the 

motor is the internal load of the motor. In the same two tests, 

Table 2 below shows the test results of dynamic load 

coefficient in three test groups. 

Table 2. Difference of dynamic load coefficient 

Number of 

test 

Experimental 

group 

Control 

group 1 

Control 

group 2 

1st 0.887 0.65 0.142 

2nd 0.864 0.59 0.107 

According to the calculation results in Table 2, the 

dynamic load coefficient difference of the experimental 

group is the largest, while the dynamic load coefficient 

difference of the two control groups is very small, which 

shows that only the dynamic load coefficient of the 

experimental group is significantly reduced under the 

premise of increasing the service coefficient. According to 

the above experimental results, the electromechanical 

coupling model can control the normal operation of the AC 

asynchronous motor and the drive system, so that the AC 

asynchronous motor can work normally.
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(b) Test results of control group 2 

Figure 6. Dynamic load coefficient after impact 
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4. Conclusions 

With the increase of load, the amplitude of gear meshing 

stiffness and bearing support stiffness increases, which 

leads to the increase of natural frequency in different 

degrees, and the increase speed slows down with the 

increase of load. Transient torsional vibration of the first 

mode is generated. In this paper, a new type of 

electromechanical coupling model of AC induction motor 

drive system is proposed. Under the control of 

electromechanical coupling model, the load caused by 

internal excitation increases. Dynamic loads such as 

meshing stiffness and meshing error reduce the threat to the 

safe operation of the system. At the moment of impact, the 

magnetic field of the motor can absorb part of the 

mechanical impact energy and play a role of buffer and 

protection to the driving system. It is concluded that the 

coupling vibration of motor gear reduces the load 

coefficient from high speed to low speed under stable load, 

and improves the internal vibration state of high speed gear 

safety gear train. 
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Abstract 

Target control and industrial transfer are important methods to regulate energy conservation and emission reduction in the 

region, so measuring the influence of each industry to energy consumption is the basis of regional industrial structure 

adjustment. Firstly, an energy flow network model is constructed based on the theory of Industrial Complex Network. It 

describes the mutual input and consumption of material and energy among industrial sectors. Then, the index system is designed 

to evaluate the influence of each industry on energy consumption in the economic system. According to the evaluation, methods 

are searched for to regulate energy-saving and emission-reducing on the industrial level. Based on the data of Shandong 

Province, the strategies of energy saving and emission reduction are put forward: research and develop new technologies; Sort 

management, focusing on the control of “key industries”, and paying attention to the industries that consume less energy but 

relevant more with others appropriately; Rational layout industry, optimize industrial structure and so on. 
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1. Introduction 

Industrial transfer is an important method to realize the 

rational distribution of productive forces and the 

coordinated development of the region. With the influence 

of the pressure of energy conservation and emissions 

reduction, many economic developed areas limit the 

development of the industry with high energy consumption 

and high pollution, so more and more such industries were 

transferred to less developed area. How to adjust regional 

industrial structure? Domestic and foreign scholars have 

studied the influence of industrial structure on energy 

consumption. 

Watanabe analyzed the impact of changes in industrial 

structure on energy consumption to 20% [1]. Ang [2], 

Hasanbeigi et al. [3], Choi and Ang [4] concluded that the 

change of the industrial structure in different periods 

contribute different to energy consumption by LMDI. Lu 

confirmed that the total amount of energy consumption is 

highly correlated with the industrial structure by regression 

analysis [5]; Zhang and Huang confirmed that economic 

structure dominated by second industries has an 

accelerating effect on energy consumption [6]. Yin et al. 

constructed VECM and found that the changes in energy 

consumption and industrial structure present a positive 

correlation in the long run, and the development of the 

second and tertiary industries has a significant impact on the 

increase of energy consumption [7]. Most of these studies 

are based on the three industry divisions, but in fact there 

are thousands of floor links between the sub sectors, and the 

energy consumption level varies greatly. It is very important 

to analyze the impact of changes in the structure of industry 

segments on energy consumption. 

In the late twentieth century, complex networks were 

applied to the field of social science. More and more 

scholars combine input-output theory with complex 

network theory to study industrial association. In foreign 

countries, of professor Campbell [8], the professor of 

Washington University introduced graph theory into 

industrial association research firstly; Schnabl [9], Aroche 

[10], Morillas et al. used different quantitative methods to 

determine the threshold and extract strong correlation, and 

construct their respective industrial complex network 

models [11]. Mcnemey et al. built industrial networks based 

on input-output data from more than 20 countries and found 

that they have similar associations [12]. In China, Zhao et 

al. constructed a graph model of industry association 

structure using the WI index to study the industry supply 

chain and related structure of Shandong province [13]. Chen 

et al. used the industry complex network theory to study the 

side effect of industry [14]. Sun and Wang [15] and Wang 

and Sun [16] compared the industrial correlation of Beijing 

Tianjin and Hebei, and identified their key industry.  

From the existing research results, the modeling and 

optimization of industrial related networks using input-

output table has made great progress. However, using 

complex networks to analyze energy flow and evaluate the 

impact of energy consumption in subdivision industries is 

not deep enough. Therefore, this paper uses the input-output 

table and the industrial energy consumption data of 

Shandong province, constructs the energy consumption 

flow network model and the industrial energy consumption 
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influence evaluation system, and looks for the road of 

industrial development under the premise of energy saving 

and emission reduction. 

2. Theoretical Model and Research Method 

An energy flow network model is constructed based on 

the theory of Industrial Complex Network. It describes the 

mutual input and consumption of material and energy 

among industrial sectors. Then, the index system is 

designed to evaluate the influence of each industry on 

energy consumption in the economic system. After that, 

using entropy weight method to determine the index weight. 

2.1. Construction of energy flow associated network model 

With each industry sector as the node, the amount of 

energy invested and consumed by the industrial sector as a 

link, according to the input-output relation of energy 

consumption among industries, a complex network model 

with energy flow relationship is established. The point set 

V is used to represent the industrial sector set, and the edge 

set L represents the inter industry input-output relation. The 

weight set W represents the weights of each edge, that is, 

the relationship of input and output between the industries 

[17]. The network graph T = (V, L, W). The edge set L 

embodied energy flow relationship between the industry, if 

the industry i invest energy to industrial j, then there is an 

edge Lij from i to j; if no energy is invested from industry i 

to industry j, Lij does not exist. Because the energy input 

from industry i to industry j does not necessarily exist when 

the energy input from industry j to industry i exists, lij≠lji. 

The energy input weights from industry i to industry j is 

marked on each side in the figure as Wij. The inter industry 

input-output is different, so Wij ≠ Wji. Since most industry 

sectors have mutual input and mutual consumption, Lij and 

Lji may exist simultaneously. So, the complex network is 

asymmetrical, directed with multiple edges possibly.  

2.2. The index to evaluate the influence of each industry to 

energy consumption 

Based on the statistical index properties of the complex 

network, four types of indicators are set including breadth 

of node, depth of node, spread degree of node and dominant 

degree of node, to analyze the energy consumption 

influence of the node from forward, backward and 

integrated three angles. 

1. Breadth index of node 

It describes the ability of the target node to affect other 

nodes directly. 3 indexes including forward, backward and 

integrated breadth index are set to describe the node range 

directly pushed, pulled and related strongly. The forward 

breadth of nodes describes the number of strongly related 

nodes that are directly affected by the active supply or 

passive demand, and is expressed by in-degree centrality 

[18-20]. The backward breadth of nodes describes the 

number of backward strong connected nodes, which is 

directly affected by the passive supply or the active demand, 

and is expressed by out-degree centrality. The 

comprehensive breadth of nodes describes the number of 

forward or backward strongly connected nodes that are 

directly affected by the supply and demand relationship. It 

can be measured by the sum of in-degree centrality and out-

degree centrality. The higher the 3 indexes, the stronger the 

width of the associated nodes. If dI(ni) represents in-degree 

centrality, dO(ni) represents out-degree centrality, then 

1
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xij represents the weight value of the effective 

connection between ni and nj, and g represents the number 

of sectors. 

2. Depth of node 

Depth of node describes how the target node transfers its 

affection directly and indirectly to other nodes via network 

association. 3 indexes including forward, backward and 

integrated depth index are set. The forward depth describes 

the degree to which nodes extend forward through the 

supply chain. It can be calculated by reciprocal of out 

closeness centrality. Out closeness centrality can be 

calculated by the reciprocal of the sum of the shortcuts from 

the destination node to all other nodes along the direction of 

the network edge.  

The backward depth describes the degree to which nodes 

extend backward progressively through the demand chain. 

It can be calculated by reciprocal of in closeness centrality. 

In closeness centrality can be calculated by the reciprocal of 

the sum of the shortcuts from the destination node to all 

other nodes inverse the direction of the network edge. The 

integrated depth describes the degree to which the nodes 

extend forward or backward through the supply chain or 

demand chain, which is calculated by the sum of the forward 

depth and the backward depth. The higher the 3 indexes, the 

stronger the individual depth of nodes. If Cc(ni) represents 

closeness centrality, then 
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 ,i jd n n  represents the shortest path from ni to nj.

 

3. Spread of node  

Spread of node describes the potential level of the target 

nodes. 3 indexes are set up: forward spread, backward 

spread and complete spread. Forward spread is calculated 

by Katz horizontal influence, (the row sum of network 

adjacency matrix or flow matrix). Backward spread degree 

is calculated by Katz vertical influence, (the column sum of 

network adjacency matrix or flow matrix). Integrated spread 

degree describes the sum of Katz horizontal influence and 

Katz vertical influence. The higher the three indexes, the 

greater the spread of nodes. 

4. Dominance of node 

Dominance of node describes the degree to which nodes 

control other nodes. 2 indexes, node relation dominance and 

node flow dominance, are used to describe the degree of 

node control to other nodes and traffic flow. The dominance 

of node relation represents the relation control ability of 

nodes on the whole network. If a node is in many other 

nodes on the path through the interactive network, so it 

occupies an important position, can affect other nodes 

through energy transfer control, in the middle of the central 

node of the relation between dominant degree [21]. The 

node flow dominance describes the network path where the 

nodes interact with each other, and the degree of control of 

the energy transfer between other nodes is expressed by the 

center of the flow. The higher the 2 indexes, the stronger the 

dominance of nodes. If CB(ni) represents betweenness 

centrality, then  
 
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jkg
represents the number of shortest paths associated 

with energy flows between industries j and k,
 jk ig n

 

represents how many ni industry is contained in the shortest 

energy flow path connecting industries j and k. 

2.3. Index weight determination 

In order to understand the influence of each department 

more clearly, the index weight is determined by entropy 

weight method. The forward impetus, the backward pulling 

power and the comprehensive influence are evaluated 

respectively. 

According to the variability of indexes, entropy weights 

determine the weights of indexes. The weighting steps are 

as follows: 

First of all, data standardization processing. 

Suppose there are n indicators , among

, ijx  Represents indicator j of 

industry I, then the standardized value of each index is 
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Then, calculate the information entropy of each index.  

According to information theory, Information entropy is 
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Finally, the weight of each index is determined 
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3. Results 

Based on the data of Shandong Province, the complex 

network model of energy flow is constructed, the sub-index 

of energy flow influence is calculated, and the energy flow 

influence of each industry is evaluated.  

3.1. Data sources and processing 

 
Figure 1. energy flow associated 2 mode network diagrams 

The construction of the complex network model requires 

data of input-output table and energy consumption table. 

The design department of them are not unified, so in order 

to facilitate the analysis and comparison, based on the input-

output table and the energy consumption table of Shandong 

in 2012, the energy consumption table and input-output 

table of 29 sectors are merged, and the energy input and 

output table of the department is calculated on this basis 

[22]. The energy consumption data of each industry sector 

in 2012 were obtained from the statistical yearbook in 2013, 

and the industrial energy consumption matrix was 

calculated according to the direct industrial consumption 

coefficient. To facilitate observation, a network diagram 

(Fig. 1) is constructed. In Fig. 1, the point set V consists of 

29 industry sectors with input-output relationships. The size 

of the node represents the magnitude of the degree. The 

industry code is marked on the right side of the node. The 

energy flow between nodes is marked on the line. The 

industry code is shown in Table 1. 

Table 1. Industry code 

code industry code industry 

1 

Agriculture, forestry, 

animal husbandry and 

fishery 

16 
General purpose equipment 

manufacturing 

2 
Coal mining and 

cleaning 
17 

Transportation equipment 

manufacturing 

3 Oil and gas extraction 18 
Electrical machinery and 

equipment manufacturing 

4 Metal mining industry 19 

Communications 

equipment, computers and 

other electronic equipment 

manufacturing 

5 
Non-metal mining and 

other mining industry 
20 

Instrument and culture 

office machinery 

manufacturing 

6 

Food manufacturing and 

tobacco processing 

industry 

21 
Crafts and other 

manufacturing industries 

7 Textile industry 22 waste 

8 

Textile, clothing, shoes 

and caps, leather, down 

and its products 

23 
The production and supply 

of electricity and heat 

9 
Wood processing and 

furniture manufacturing 
24 Gas production and supply 

10 

Paper making, printing 

and the manufacturing of 

stationery and sports 

goods 

25 
Water production and 

supply 

11 

Petroleum processing, 

coking and nuclear fuel 

processing 

26 Construction industry 

12 Chemical industry 27 
Transportation, ware-

housing and postal services 

13 
Non-metallic mineral 

manufacturing 
28 

Wholesale & retail, 

accommodation catering 

14 
Metal smelting and 

rolling industry 
29 Other social services 

15 Metal products   
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3.2. Industry energy flow influence index calculation 

According to the formula in 2.1 and industry energy flow 

matrix, using UCINET software, the indicators are 

calculated to analyze the impact of energy flow in each 

industry, as shown in Table 2. 

To see the effect of each industry more clearly, a scatter 

plot is plotted, as shown in Fig. 2. 

Table 2. comprehensive analysis index of node influence. 

code 

breadth depth spread dominance 

Forward 

breadth 

Backward 

breadth 

Comprehensive 

breadth 

Forward 

depth 

Backward 

depth 

Comprehensive 

depth 

Forward 

spread 

Backward 

spread 

Complete 

spread 

Relational 

dominance 

Flow 

dominance 

1 1.43 0.38 1.81 0.029 0.026 0.055 0.022 0.006 0.028 0.231 10.785 

2 1.79 0.667 2.457 0.032 0.034 0.067 0.029 0.011 0.04 2.078 3.294 

3 1.896 0.423 2.319 0.030 0.028 0.058 0.030 0.007 0.037 0.203 3.459 

4 1.631 0.153 1.784 0.034 0.021 0.055 0.027 0.002 0.029 0.382 0.477 

5 0.438 0.075 0.513 0.034 0.029 0.063 0.007 0.001 0.008 2.409 0.704 

6 0.862 1.307 2.169 0.034 0.025 0.059 0.014 0.020 0.034 1.479 7.128 

7 0.725 1.043 1.768 0.033 0.033 0.067 0.011 0.016 0.027 2.257 3.484 

8 0.446 0.139 0.585 0.034 0.036 0.070 0.007 0.002 0.009 4.416 2.024 

9 0.244 0.223 0.467 0.032 0.034 0.067 0.004 0.003 0.007 3.189 1.477 

10 0.919 1.062 1.981 0.034 0.036 0.070 0.014 0.017 0.031 4.416 3.460 

11 1.866 2.381 4.247 0.031 0.036 0.067 0.030 0.037 0.067 1.473 2.975 

12 4.836 6.208 11.044 0.036 0.036 0.071 0.079 0.102 0.181 6.933 20.788 

13 1.11 2.729 3.839 0.034 0.034 0.069 0.018 0.043 0.061 5.505 9.365 

14 3.85 8.146 11.996 0.033 0.036 0.069 0.062 0.133 0.195 5.336 10.719 

15 0.518 0.652 1.17 0.033 0.036 0.069 0.008 0.011 0.019 5.336 3.046 

16 1.304 0.565 1.869 0.036 0.036 0.071 0.021 0.009 0.03 6.933 5.429 

17 0.644 0.33 0.974 0.033 0.036 0.069 0.010 0.005 0.015 5.336 1.901 

18 0.874 0.595 1.469 0.036 0.036 0.071 0.014 0.010 0.024 6.933 3.095 

19 0.206 0.093 0.299 0.033 0.036 0.069 0.003 0.001 0.004 4.831 1.662 

20 0.22 0.017 0.237 0.029 0.036 0.065 0.004 0.000 0.004 0.74 1.258 

21 0.118 0.065 0.183 0.032 0.036 0.068 0.002 0.001 0.003 2.685 1.543 

22 0.231 0.018 0.249 0.026 0.023 0.050 0.004 0.000 0.004 0 0.786 

23 1.919 1.745 3.664 0.029 0.036 0.065 0.031 0.027 0.058 0.617 5.761 

24 0.046 0.056 0.102 0.032 0.030 0.063 0.001 0.001 0.002 1.465 0.901 

25 0.063 0.087 0.15 0.030 0.036 0.066 0.001 0.001 0.002 1.088 1.283 

26 0.093 0.442 0.535 0.031 0.033 0.065 0.001 0.007 0.008 1.15 1.984 

27 1.376 1.613 2.989 0.032 0.036 0.068 0.022 0.026 0.048 2.6 12.668 

28 0.813 0.579 1.392 0.032 0.036 0.068 0.013 0.009 0.022 2.685 10.188 

29 1.955 0.63 2.585 0.030 0.036 0.066 0.031 0.010 0.041 2.294 14.210 

 

 
Figure 2. Index of node influence.  
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As can be seen from Fig. 2, among the chemical 

industry, metal smelting and rolling processing industry, 

non-metallic mineral products industry, transportation, 

warehousing, postal service, the indicators are in the top 10. 

While among waste, gas production and supply, water 

production and supply, instrument and culture office 

machinery manufacturing, non-metallic minerals and other 

mineral extraction and construction industry, the indicators 

are in the latter 10. 

Most of the indexes in chemical industry, metallurgy and 

materials industry, transportation, machinery, production 

and supply of electronic equipment manufacturing industry 

and electric power are higher, especially the influence 

degree, and they have greater dominance, which is the main 

driving force of economic development in Shandong [23]. 

It shows that industry is the main industry of energy 

consumption and occupies a central position. The 

manufacturing industry is relatively mature, a relatively 

complete industrial chain, chemical industry, metallurgy, 

energy and raw materials have certain comparative 

advantages, but economic development is constrained by 

energy and resources. 

The industries such as transportation, warehousing, 

postal services, other social services, wholesale and retail, 

accommodation, catering have strong impact, which means 

that traditional advantages of the third industry are 

flourishing, largely contributing to other industries and 

impacting the economy. But other social services are 

integrated data from multiple departments, and restricted by 

data acquisition, so they cannot fully analyze the specific 

circumstances of each department. 

3.3. Comprehensive analysis of energy flow influence 

among industries 

The comprehensive analysis of energy flow influence 

among industries is developed from three aspects: forward 

thrust force analysis, backward pull force analysis and 

comprehensive influence force analysis. 

1. Forward thrust of energy flow 

The weights of Forward breadth, Forward depth and 

Forward spread are 0.511621, 0.0748 and 0.413579 

respectively by entropy weight method. The forward force 

of the energy flow obtained from the weighted sum of the 

normalized values of each index is shown in the last column 

of Table 3. 

From the angle of forward force, all the indexes in 

chemical industry, metal smelting and rolling processing 

industry, electricity & heat production and supply industry, 

petroleum and natural gas exploitation industry, petroleum 

processing, coking and nuclear fuel processing, coal mining 

and cleaning industry are more than 0.9, far higher than 0.58 

of the average. These industries are basic industries in the 

national economy, and the development of economy will 

drive the energy consumption of these industries to increase 

significantly. Take the chemical industry for example, if the 

final demand of each sector of the national economy grows 

by 1 unit, the energy consumption of the chemical industry 

will be increased by 2.5 times. Therefore, the industry 

should strengthen technological innovation and improve 

energy efficiency. Not only should they maintain a certain 

economic scale to meet the needs of the national economic 

development, but they also should not cause waste of 

energy.
Table 3. Calculation table of forward force 

Code Forward breadth (0.511621) Forward depth (0.0748) Forward spread (0.413579) Forward force 

1 0.731618 0.002169 0.009099 0.742886 

2 0.915802 0.002394 0.011994 0.930189 

3 0.970033 0.002244 0.012407 0.984685 

4 0.834454 0.002543 0.011167 0.848164 

5 0.22409 0.002543 0.002895 0.229528 

6 0.441017 0.002543 0.00579 0.449351 

7 0.370925 0.002468 0.004549 0.377943 

8 0.228183 0.002543 0.002895 0.233621 

9 0.124836 0.002394 0.001654 0.128883 

10 0.47018 0.002543 0.00579 0.478513 

11 0.954685 0.002319 0.012407 0.969411 

12 2.474199 0.002693 0.032673 2.509564 

13 0.567899 0.002543 0.007444 0.577887 

14 1.969741 0.002468 0.025642 1.997851 

15 0.26502 0.002468 0.003309 0.270797 

16 0.667154 0.002693 0.008685 0.678532 

17 0.329484 0.002468 0.004136 0.336088 

18 0.447157 0.002693 0.00579 0.45564 

19 0.105394 0.002468 0.001241 0.109103 

20 0.112557 0.002169 0.001654 0.11638 

21 0.060371 0.002394 0.000827 0.063592 

22 0.118184 0.001945 0.001654 0.121784 

23 0.981801 0.002169 0.012821 0.996791 

24 0.023535 0.002394 0.000414 0.026342 

25 0.032232 0.002244 0.000414 0.03489 

26 0.047581 0.002319 0.000414 0.050313 

27 0.70399 0.002394 0.009099 0.715483 

28 0.415948 0.002394 0.005377 0.423718 

29 1.000219 0.002244 0.012821 1.015284 
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2. Analysis of pulling force after flow 

The weights of Backward breadth, Backward depth and 

Backward spread were determined by entropy weight 

method as 0.473245, 0.052171 and 0.474583 respectively. 

The backward pulling force of the energy flow obtained 

from the weighted sum of the normalized values of each 

index is shown in the last column of Table 4. 

From the backward pulling power angle, all the indexes 

in metal smelting and rolling processing industry, chemical 

industry, non-metallic mineral products industry, petroleum 

processing, coking and nuclear fuel processing and 

manufacturing are more than 1, far higher than the average 

level, which means they have great influences on other 

industries. If the eventual use of each of these sectors grows 

by 1 unit, it will produce more the demand for other sectors 

of the national economy, resulting in a substantial increase 

in energy consumption. Take metal smelting and rolling 

processing industry as an example, a unit of final demand 

growth will promote the entire national economy energy 

consumption increased by 3.92 times. 

Therefore, in order to save energy, the excessive growth 

of these industries should be appropriately controlled, and 

substantial increase in energy consumption also should be 

avoided so as not to have a great influence on the whole 

national economy. At the same time, these departments use 

policies incentives and technological advances to improve 

energy efficiency and reduce energy consumption per unit 

of output.

Table 4. calculation table of backward pulling force. 

Industry Backward breadth (0.473245) Backward depth (0.052171) Backward spread (0.474583) Backward pulling force 

&1 0.179833 0.001356 0.002848 0.184037 

2 0.315655 0.001774 0.00522 0.322649 

3 0.200183 0.001461 0.003322 0.204966 

4 0.072407 0.001096 0.000949 0.074451 

5 0.035493 0.001513 0.000475 0.037481 

6 0.618532 0.001304 0.009492 0.629328 

7 0.493595 0.001722 0.007593 0.50291 

8 0.065781 0.001878 0.000949 0.068608 

9 0.105534 0.001774 0.001424 0.108731 

10 0.502586 0.001878 0.008068 0.512533 

11 1.126797 0.001878 0.01756 1.146235 

12 2.937907 0.001878 0.048408 2.988192 

13 1.291486 0.001774 0.020407 1.313667 

14 3.855056 0.001878 0.06312 3.920054 

15 0.308556 0.001878 0.00522 0.315655 

16 0.267384 0.001878 0.004271 0.273533 

17 0.156171 0.001878 0.002373 0.160422 

18 0.281581 0.001878 0.004746 0.288205 

19 0.044012 0.001878 0.000475 0.046365 

20 0.008045 0.001878 0 0.009923 

21 0.030761 0.001878 0.000475 0.033114 

22 0.008518 0.0012 0 0.009718 

23 0.825813 0.001878 0.012814 0.840505 

24 0.026502 0.001565 0.000475 0.028541 

25 0.041172 0.001878 0.000475 0.043525 

26 0.209174 0.001722 0.003322 0.214218 

27 0.763345 0.001878 0.012339 0.777562 

28 0.274009 0.001878 0.004271 0.280158 

29 0.298145 0.001878 0.004746 0.304769 
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3. Comprehensive influence analysis of energy flow 

Finally, the comprehensive influence of energy flow was 

analyzed, and the weights of Comprehensive Breadth, 

Comprehensive depth, Complete spread, Relational 

dominance, Flow dominance were 0.344592, 0.024065, 

0.341423, 0.201428, 0.088492 respectively, the weighted 

summation of the normalized values of each index has a 

combined effect as shown in Table 5.Calculate the power 

flow impact as shown in the last column of Table 5. 

From the angle of comprehensive influence, all the 

indexes in chemical industry, metal smelting and rolling 

processing industry, other social services, transportation 

and storage sector, non-metallic mineral products industry 

are much higher than the average level and have great 

influence on other industries. 

As shown in Fig. 3, the dominance index makes the third 

industry and the first industry more influential, indicating 

that they are in the network path of the interaction between 

the nodes in the second industry and largely control energy 

transmission degree of the second industry nodes. The 

development of these industries will affect the development 

of the second industry; therefore, these industries should be 

developed moderately. 

Table 5. Calculation chart of comprehensive influence 

Industry 
Comprehensive 

Breadth (0.285209) 

Comprehensive depth 

(0.037602) 

Complete spread 

(0.300492) 

Relational 

dominance 
(0.138667) 

Flow dominance 

(0.238029) 

Comprehensive 

influence 

1 0.516227 0.002068 0.008414 0.032032 2.567146 3.125888 

2 0.700757 0.002519 0.01202 0.28815 0.784069 1.787515 

3 0.661399 0.002181 0.011118 0.028149 0.823343 1.526191 

4 0.508812 0.002068 0.008714 0.052971 0.11354 0.686105 

5 0.146312 0.002369 0.002404 0.334049 0.167573 0.652706 

6 0.618617 0.002219 0.010217 0.205088 1.696673 2.532814 

7 0.504249 0.002519 0.008113 0.312971 0.829294 1.657147 

8 0.166847 0.002632 0.002704 0.612353 0.481771 1.266308 

9 0.133192 0.002519 0.002103 0.442209 0.351569 0.931594 

10 0.564998 0.002632 0.009315 0.612353 0.823581 2.01288 

11 1.211281 0.002519 0.020133 0.204256 0.708137 2.146327 

12 3.149843 0.00267 0.054389 0.961378 4.948154 9.116434 

13 1.094916 0.002595 0.01833 0.763362 2.229145 4.108347 

14 3.421362 0.002595 0.058596 0.739927 2.551436 6.773916 

15 0.333694 0.002595 0.005709 0.739927 0.725037 1.806962 

16 0.533055 0.00267 0.009015 0.961378 1.292261 2.798379 

17 0.277793 0.002595 0.004507 0.739927 0.452494 1.477316 

18 0.418971 0.00267 0.007212 0.961378 0.736701 2.126932 

19 0.085277 0.002595 0.001202 0.6699 0.395605 1.154579 

20 0.067594 0.002444 0.001202 0.102614 0.299441 0.473295 

21 0.052193 0.002557 0.000901 0.372321 0.367279 0.795252 

22 0.071017 0.00188 0.001202 0 0.187091 0.26119 

23 1.045004 0.002444 0.017429 0.085558 1.371287 2.521721 

24 0.029091 0.002369 0.000601 0.203147 0.214464 0.449673 

25 0.042781 0.002482 0.000601 0.15087 0.305392 0.502125 

26 0.152587 0.002444 0.002404 0.159467 0.47225 0.789152 

27 0.852488 0.002557 0.014424 0.360534 3.015355 4.245359 

28 0.39701 0.002557 0.006611 0.372321 2.425043 3.203542 

29 0.737264 0.002482 0.01232 0.318102 3.382397 4.452565 

 
Figure 3. Energy flow influence of industry.  
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4. Conclusions and Policy Recommendations 

Through the complex network analysis of energy input 

and output, we can see that the interaction between 

industries is frequent, the energy flow is active, and the 

network is closely linked, which provides the following 

inspiration for energy conservation and emission reduction 

policy formulation: 

1. Rational distribution of industries and optimization of 

industrial structure 

The optimization of industrial structure is the process of 

promoting the rationalization and development of industrial 

structure. The rational coordination of industrial structure 

requires not only the balance among industries, but also the 

strong complementarity and mutual transformation ability 

among industries. The high coordination among industries 

can improve the quality of industrial structure aggregation, 

curb the waste of energy, and improve the overall the effect 

of energy saving and emission reduction so as to realize the 

rationalization of industrial structure under certain 

economic conditions and ensure the coordination and 

sustainability of economic growth. 

By studying the complex network of input and output 

flow we can see that industries are closely related with each 

other. The regional layout of any industry will affect other 

enterprises. Therefore, we should have a reasonable 

industrial layout, maximize the energy efficiency of the 

industry in the region energy flow, and make energy flow 

smoothly to reduce pollution emissions, assemble industries 

that can flow closely together, and optimize the overall 

allocation of resources. 

2. classification management, focusing on controlling the 

key industries, and paying attention to the industries 

with less energy consumption but great relevance 

By analyzing the influence of the nodes, the forward 

driving force and the backward pulling force are defined”. 

Focus on control of the node with frequent and large energy 

flow. Prescribe the right medicine when making a policy. 

The key sectors, such as chemical industry, metal 

smelting and rolling processing industry, petroleum 

processing, coking and nuclear fuel processing industry, 

which have both high “forward driving force” and 

“backward pulling power”, not only made great 

contribution to the regional economic growth, but also 

caused a great deal of energy consumption. If these 

departments continue to develop at a high speed, they will 

drive the energy consumption of other departments to 

increase by a big margin, and the growth in the final demand 

for other sectors will also lead to an increase in energy 

consumption in such industries. So, in the process of 

adjusting industrial structure we should not only consider 

appropriate controls on the scale of these industries, 

optimize the internal structure of the industry through 

technological innovation and eliminating backward 

production capacity, but also protect proportion of these 

industries so as to avoid affecting economic development. 

Some energy industries and basic industries, such as 

agriculture, forestry, animal husbandry and fishery; coal 

mining and cleaning industry; oil and natural gas extraction 

industry; metal mining industry, which have small “forward 

driving force” and “backward pulling force”, are the energy 

output in the whole economy system. They transfer more 

energy consumption to maintain a certain economic scale to 

meet the needs of economic development. The eventual 

increase in demand from other sectors will lead to an 

increase in energy consumption in these sectors. But the 

expansion of these industries has a relatively small impact 

on the energy consumption of the entire economic system, 

we can strengthen technological innovation to ensure that 

energy waste is not caused by large-scale expansion 

For other hi-tech industries and service industries, such 

as general purpose, special equipment manufacturing; 

instrument manufacturing; other manufacturing; metal 

products; electricity, thermal production and supply; 

construction; which have small “forward driving force” and 

big “backward pulling force”, although the output of energy 

consumption is small, the demand for energy consumption 

is not small. Its energy consumption comes from the 

upstream sector of the industry chain, namely energy 

industry, basic industry and so on. This shows that in the 

economic chain, departments located upstream of the 

industry chain shift their energy consumption to the 

downstream sectors of the industry chain through 

intermediate inputs. Meanwhile, departments located 

downstream of the industry chain also meet their own end 

demand by net input from upstream sectors. Proper controls 

should be taken on the scale of such industries and we 

should optimize the industrial structure by eliminating 

backward production capacity and encouraging 

technological innovation to prevent a significant increase in 

energy consumption in other industries. The energy sector 

has undertaken a large amount of energy consumption for 

other sectors and is a key sector of the economic system. It 

is vital to improve energy efficiency and increase the use of 

low-carbon energy. The development of low-carbon energy 

is of great significance for achieving the goal of energy 

conservation and emission reduction. 

In some departments, neither “forward driving force” 

nor “backward pulling force” is large, such as gas, water 

production and supply industry; accommodation and 

catering; whose energy consumption is not high. Their 

investment in energy consumption of other industries is not 

much, either. However, they relate to all sectors of the 

national economy and have more indirect energy 

consumption, and proper control is also necessary. 

In conclusion, considering the transformation of 

industrial structure and energy saving and emission 

reduction, we should not simply consider the energy 

consumption and emission intensity of each industry, but 

comprehensively. Direct energy consumption and emission 

intensity in some industries may be low, but the total energy 

consumption and emission intensity are not low, so when 

the industrial structure was transformed into a low-powered 

industry, it is likely to reduce energy consumption per unit 

of GDP without reducing the energy consumption across the 

entire economy, because there is a problem of energy 

transfer within the industrial structure. Simply limiting the 

development of high-energy industries may reduce the 

energy consumption and emission intensity, but at the same 

time it may also pose a threat to other industries.
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3. Actively develop new technologies 

For those highly spreading and dominant industries, 

such as the chemical industry, metal smelting and rolling 

processing industry, non-metallic mineral products 

industry, we should increase technology investment, 

actively develop energy-saving and energy-reducing 

consumption and clean production technologies and 

improve energy efficiency. 

4. Optimize the industrial cluster and enhance the 
competitiveness of the cluster 
Regional industrial competitiveness, optimization of 

industrial structure and the development and policy 

induction of industrial clusters should be based on the 

internal division of labor. Through cluster analysis, we 

study the relationship between division of labor and 

cooperation in industry and then formulate industrial cluster 

policy, cultivate, optimize and even rebuild the industrial 

chain to form the optimal economic development path for 

the region. 
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Abstract 

This paper collects and sorts out a large amount of fault data of a series of CNC lathes, and analyzes the fault data to classify 

fault levels. The values of a and b are obtained by Gutenberg–Richter (G-R) curve fitting, and then the relationship between a 

and b is used. The b value under each division criterion is obtained. By analyzing and comparing these b values, the rationality 

of classifying the fault levels according to these three methods is verified. The b-value is towards 1.0 when the reliability level 

of CNC lathes was promoted through ten years' reliability promotion. 
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1. Introduction 

In 1944, Gutenberg and Richter proposed the famous 

earthquake magnitude relationship lgN = a-bM by studying 

the activity characteristics of the California earthquake. 

Since then, this relationship is one of the important 

properties of seismic activity research and has been widely 

used in the study of earthquake-related issues. In this 

relation, M is the magnitude, and N represents the number 

of earthquakes in the area with a magnitude greater than or 

equal to M in a certain period of time. The values of a and 

b are constants, a-values reflect the average level of seismic 

activity in the area, and b-values reflect the proportional 

relationship between large and small earthquakes [1, 2]. Yu 

Jie [3] proposed to use Gutenberg–Richter (G-R) curve 

analysis method to analyze the relationship between the 

failure level and the occurrence frequency of a series of 

CNC lathes. This is a useful attempt in the reliability 

analysis method research of CNC lathes, and some 

conclusions have been drawn. This paper continues to apply 

this relationship to the reliability analysis of CNC machine 

tools. In the curve, M is the failure grade of the CNC 

machine tool, and N is the number of failures when the 

failure grade is greater than or equal to M. In seismic 

research, the commonly used methods of b-value 

calculation include least square method, maximum 

likelihood method and moment method. 

2. The Significance of Analyzing the Reliability Fault 

Data of CNC Machine Tools 

Reliability data is defined as a general term for various 

data that can reflect its reliability level and reliability-

related data in the reliability work at each stage of the 

product life cycle, mainly including various numbers, 

characters, graphics, tables, etc. [4]. The reliability data of 

CNC machine tools mainly include the design data, fault 

data and working environment of CNC machine tools. The 

reliability data collection, sorting, analysis and research of 

CNC machine tools have been carried out in foreign 

countries for a long time, and the reliability data 

management system has been established. In the application 

of CNC machine tool reliability data research, not only has 

achieved great economic benefits, but also saved a large 

amount of money. Compared with foreign countries, due to 

the lack of awareness of the reliability data collection, 

storage, analysis and application of CNC machine tools in 

China, a large amount of data is missing, leading to the 

failure of enterprises to implement reliability engineering. 

The reliability data generated during the design of CNC 

machine tools can be used to obtain the initial reliability and 

failure modes of CNC machine tools. The reliability data of 

the production stage of CNC machine tools reflects the 

design and manufacturing level of CNC machine tools. The 

field data of the CNC machine tools in use truly reflects the 

reliability level of the machine tools in various 

environments. Therefore, it is necessary to collect, sort out 

and analyze the reliability data of NC machine tools, which 

is beneficial to the reliability engineering and machine tool 

maintenance and design. 

2.1. Classification and b Value Calculation of a Certain 

Series of CNC Lathes 

According to GJB431-88 “Product Level, Product 

Interchangeability, Prototype and Related Terms”, the 

vertical order of products from simple to complex is 

generally: parts, components, assemblies, unit parts, units, 

* Corresponding author e-mail: zhuzw5901@126.com. 
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devices, subsystems and systems. In order to verify the 

rationality of CNC machine tool fault classification, this 

paper uses three classification methods: machine tool body, 

machine tool subsystem, and machine tool components. The 

division criteria are; fault downtime, subsystem fault 

frequency and component fault frequency [5]. 

From the previous research, we get that the failure 

interval of CNC machine tools submits to Weibull 

Distribution. We get the fitted curves of a series of CNC 

machine tools as given in Figure 1 and Figure 2.  

 

Figure 1. Fitting Diagram of Density Function Curve  

 

Figure 2. Fitting Diagram of Distribution Function Curve 

At present, most reliability studies on CNC lathes are 

based on subsystems [6]. The subsystems of CNC lathes are 

divided according to the principles of functional 

independence, structural independence and convention. 

CNC lathe can be divided into 14 subsystems: basic 

components, spindle components, feed system, tool system, 

hydraulic system, lubrication system, cooling system, 

protection system, CNC system, electrical system, testing 

system, machine tool accessories, chip removal system and 

pneumatic system. In this paper, 11 subsystems with higher 

frequency of failures are selected for analysis. 

The functional parts of CNC machine tools include: 

basic parts, NC rotary table, spindle parts, feed parts, CNC 

systems, automatic tool change parts, hydraulic system 

parts, cooling system parts, pneumatic system parts, 

lubrication system parts, chip removal system parts, and 

protection systems component. The accuracy, performance 

and stability of key components of CNC machine tools have 

the most direct impact on the reliability of CNC machine 

tools. Exploring the reliability of key functional 

components is of great significance to the reliability of CNC 

machine tool products [7-9]. Zhang Genbao [10] extracted the 

key functional components of CNC machine tools based on 

the four aspects of failure frequency, hazard, 

maintainability, and complexity, combined with 

experimental data and evaluation models, and provided 

theoretical basis and theoretical methods. Therefore, the 

analysis of functional components is conducive to the 

improvement of the reliability of the machine tool. In this 

paper, 11 fault components with high fault frequency are 

selected for analysis, most of which are key components. 

The specific division is shown in Table 1. 

Table 1. Classification of fault levels 

Failure 

grade 
Downtime 

Subsystem 

failure 

frequency 

Component 

failure frequency 

1 >0 
Electrical 

system 

Automatic tool 

changer 

1.5 >0.5 Card attachment 
Spindle 

component 

2 >1 
Chip removal 

system 

Feeding 

component 

2.5 >2 
defensive 

equipment 
CNC turntable 

3 >5 servo system 
Cooling system 

components 

3.5 >8 Turret head 
Hydraulic system 

components 

4 >10 
Hydraulic 

system 

Pneumatic system 

components 

4.5 >12 Spindle system 
Protective system 

components 

5 >20 Feed system 

Chip removal 

system 

components 

5.5 >24 
Lubrication 

system 

Lubrication 

system 

components 

6 >30 cooling system Basic component 

In the table, the value of M represents the fault level. The 

fault level starts from 1 to 6, each 0.5 is a unit, and a total of 

11 fault levels are divided. The unit of downtime is in hours. 

The collected fault data is analyzed and sorted, and 

classified according to fault downtime, subsystem fault 

frequency, and component fault frequency. The number of 

fault occurrences at the corresponding fault level is obtained 

and the corresponding b value is calculated.  

Table 2 to Table 8, where M represents the 
classification of fault levels, and N1, N2, and N3 
respectively represent the number of faults at the 
corresponding fault levels according to the 
breakdown time, number of subsystem faults, and 
number of component faults. lgN=lg[(N1+N2+N3)/3], 
a-value and b-value are calculated by fitting 
Gutenberg–Richter (G-R) curve with least square 
method. b1, b2 and b3 can be obtained by substituting 
the value of a and the number of failures N1, N2 and 
N3 under the corresponding fault level into the 
Gutenberg–Richter (G-R) relation. 
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Table 2. Failure data and b value of a series of CNC lathes from January 1998 to December 2000 

M N1 N2 N3 lgN a b b1 b2 b3 

1 2291 2399 2455 3.38 3.87 0.49 0.51 0.49 0.48 

1.5 1303 1365 1396 3.13 3.87 0.49 0.50 0.49 0.48 

2 741 776 794 2.89 3.87 0.49 0.50 0.49 0.49 

2.5 422 442 452 2.64 3.87 0.49 0.50 0.49 0.49 

3 240 251 257 2.40 3.87 0.49 0.50 0.49 0.49 

3.5 136 143 146 2.15 3.87 0.49 0.50 0.49 0.49 

4 78 81 83 1.91 3.87 0.49 0.50 0.49 0.49 

4.5 44 46 47 1.66 3.87 0.49 0.49 0.49 0.49 

5 25 26 27 1.42 3.87 0.49 0.49 0.49 0.49 

5.5 14 15 15 1.17 3.87 0.49 0.49 0.49 0.49 

6 8 9 9 0.93 3.87 0.49 0.49 0.49 0.49 

Table 3. Failure data and b value of a series of CNC lathes from January 2001 to December 2003 

M N1 N2 N3 lgN a b b1 b2 b3 

1 1905 1995 1949 3.29 3.81 0.52 0.53 0.51 0.52 

1.5 1059 1109 1083 3.03 3.81 0.52 0.52 0.51 0.52 

2 588 616 602 2.78 3.81 0.52 0.52 0.51 0.52 

2.5 327 342 334 2.52 3.81 0.52 0.52 0.51 0.51 

3 181 190 186 2.27 3.81 0.52 0.52 0.51 0.51 

3.5 101 105 103 2.01 3.81 0.52 0.52 0.51 0.51 

4 56 58 57 1.76 3.81 0.52 0.52 0.51 0.51 

4.5 31 32 31 1.50 3.81 0.52 0.52 0.51 0.52 

5 17 18 17 1.24 3.81 0.52 0.52 0.51 0.52 

5.5 9 10 9 0.97 3.81 0.52 0.52 0.51 0.52 

6 5 5 5 0.70 3.81 0.52 0.52 0.52 0.52 

Table 4. Failure data and b value of a series of CNC lathes from January 2004 to December 2006 

M N1 N2 N3 lgN a b b1 b2 b3 

1 1380 1318 1349 3.13 3.78 0.65 0.64 0.66 0.65 

1.5 653 624 638 2.81 3.78 0.65 0.64 0.66 0.65 

2 309 295 302 2.48 3.78 0.65 0.65 0.66 0.65 

2.5 146 140 143 2.16 3.78 0.65 0.65 0.65 0.65 

3 69 66 68 1.83 3.78 0.65 0.65 0.65 0.65 

3.5 33 31 32 1.51 3.78 0.65 0.65 0.65 0.65 

4 15 15 15 1.18 3.78 0.65 0.65 0.65 0.65 

4.5 7 7 7 0.86 3.78 0.65 0.65 0.65 0.65 

5 3 3 3 0.53 3.78 0.65 0.65 0.65 0.65 

5.5 2 2 2 0.21 3.78 0.65 0.65 0.65 0.65 

Table 5. Failure data and b value of a series of CNC lathes from January 2007 to December 2009 

M N1 N2 N3 lgN a b b1 b2 b3 

1 776 724 676 2.86 3.69 0.83 0.80 0.83 0.86 

1.5 299 279 260 2.45 3.69 0.83 0.81 0.83 0.85 

2 115 107 100 2.03 3.69 0.83 0.82 0.83 0.85 

2.5 44 41 38 1.62 3.69 0.83 0.82 0.83 0.84 

3 17 16 15 1.20 3.69 0.83 0.82 0.83 0.84 

3.5 7 6 6 0.79 3.69 0.83 0.82 0.83 0.84 

4 3 2 2 0.37 3.69 0.83 0.82 0.83 0.84 
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Table 6. Failure data and b value of a series of CNC lathes from January 2010 to December 2012 

M N1 N2 N3 lgN a b b1 b2 b3 

1 479 457 490 2.68 3.65 0.9 0.97 0.99 0.96 

1.5 313 160 172 2.33 3.65 0.9 0.77 0.96 0.94 

2 110 56 60 1.88 3.65 0.9 0.80 0.95 0.94 

2.5 38 20 21 1.42 3.65 0.9 0.83 0.94 0.93 

3 13 7 7 0.97 3.65 0.9 0.84 0.94 0.93 

3.5 5 2 3 0.51 3.65 0.9 0.85 0.93 0.92 

4 2 1 1 0.06 3.65 0.9 0.86 0.93 0.92 

Table 7. Failure data and b value of a series of CNC lathes from January 2013 to December 2015 

M N1 N2 N3 lgN a b b1 b2 b3 

1 363 380 417 2.59 3.56 0.97 1.00 0.98 0.94 

1.5 119 124 136 2.10 3.56 0.97 0.99 0.98 0.95 

2 39 41 45 1.62 3.56 0.97 0.99 0.98 0.96 

2.5 13 13 15 1.13 3.56 0.97 0.98 0.97 0.96 

3 4 4 5 0.65 3.56 0.97 0.98 0.97 0.96 

3.5 1 1 2 0.16 3.56 0.97 0.98 0.97 0.96 

Table 8. Failure data and b value of a series of CNC lathes from January 2015 to December 2017 

M N1 N2 N3 lgN a b b1 b2 b3 

1 380 417 398 2.60 3.67 1.07 1.09 1.05 1.07 

1.5 111 122 116 2.07 3.67 1.07 1.08 1.06 1.07 

2 32 35 34 1.53 3.67 1.07 1.08 1.06 1.07 

2.5 9 10 10 1.00 3.67 1.07 1.08 1.06 1.07 

3 3 3 3 0.46 3.67 1.07 1.08 1.06 1.07 

 

3. Gutenberg–Richter (G-R) Curve Analysis 

Taking the fault data of this series of CNC lathes from 

January 1998 to December 2000 as an example, analysis 

and Gutenberg–Richter (G-R) curve fitting are performed to 

obtain the fitted a and b values, and b value of 

corresponding fault level is calculated by fitting a-value. 

In this paper, the least square method is used to fit the 

Gutenberg–Richter (G-R) curve. The fitting result is shown 

in Figure 3. 

 
Figure 3. Gutenberg–Richter (G-R) fitting curve from January 

1998 to December 2000 

From the fitting relation in the figure, it can be concluded 

that fitting a=3.8668 and b=0.49. By substituting the fitting 

value of a and the corresponding failure times into the 

relational formula lgN= a-bM, the b-value of the 

corresponding fault level under the corresponding 

classification method can be calculated. The detailed 

calculation results are shown in table 2. The calculation 

methods for other years are the same and are not listed here 

one by one. The detailed fitting results are shown in Figure 

4. 

 

Figure 4. Gutenberg–Richter (G-R) fitting curve at each stage 

 
Figure 5. Variation curves of b-value at each stage 

Notes: The abscissa values in Figure 5 correspond to the 

year of data collection in Tables 2 to 8 of the paper. 

Through the analysis and comparison in Figure 4, it is 

known that the slope of the fitting curve increases with the 

increase of the year, that is, the greater the value of b. The 

corresponding b value of the fitted curve relation was 

extracted to make the change curve of b value, as shown in 

Figure 3. The curve showed an upward trend. In seismic 
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research, many studies show that the decrease of b-value 

means the increase of large earthquake proportion, and vice 

versa [11-14]. Mean time between failures (MTBF) is the 

mean value of working time between two adjacent failures 

of CNC machine tools, which is the key index to measure 

the reliability of CNC machine tools. 

The MTBF value of domestic CNC machine tools is 

more than 200 hours from the end of the “eighth five-year 

plan”, more than 400 hours from the “ninth five-year plan”, 

more than 600 hours from the” tenth five-year plan”, and 

now more than 1000 hours. The reliability of CNC machine 

tools in China is constantly improving, which is also 

consistent with the gradual increase of b value. The 

rationality of the Gutenberg–Richter (G-R) curve 

relationship applied to the reliability of CNC machine tools 

is explained, which further proves the rationality of the fault 

classification method in this paper. 

B-value is an important index in seismic research and is 

often used in seismic analysis and consultation system at all 

levels. If the b value is small, it means that the proportion of 

the number of large earthquakes is large. On the contrary, if 

the b value is large, it means that the proportion of the 

number of large earthquakes is small. 

According to the dynamic change of B value, we can 

predict earthquakes; according to the G-R law, we can 

calculate the average recurrence period or average annual 

occurrence rate of earthquakes at all levels, we can infer the 

risk of earthquakes at all levels in a certain period of time in 

the future; according to the intercept a of Gutenberg–

Richter (G-R) curves on the horizontal axis, we can predict 

the magnitude of strong aftershocks. 

From Figure 4 and Figure 5, we can get that in the failure 

frequency period of CNC machine tool, b value is small, 

with the advance of reliability improvement measures, b 

value gradually increases, and finally in the stable period, b 

value tends to 1.0. This conclusion is very similar to that of 

seismology, so we can study parameter a again in order to 

predict the risk of CNC machine failure level. 

4. Conclusion 

The fault data analyses from 1998 to 2017 shows that b-

values in frequent failure time are lower than in stable time. 

The b-value is towards 1.0 when the reliability level of CNC 

lathes was promoted through ten years' reliability 

promotion. 

This article further collected a large amount of fault data, 

extended the time for collecting fault data, and further 

proved the rationality of using Gutenberg–Richter (G-R) 

curves to analyze fault data. Through the comparative 

analysis of the data collected in Table 2 to Table 8, 

corresponding values of b1, b2 and b3 at each stage fluctuated 

up and down in the fitted b value, with a small difference. 

Thus, the rationality of fault classification in this paper is 

verified, and the application scope of Gutenberg–Richter 

(G-R) curve is further expanded, which is not only 

applicable to the whole machine, but also applicable to 

subsystems and components. 

The result of this paper is very close to the conclusion of 

seismology, which verifies that the model hypothesis is 

correct and feasible. 
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Abstract 

Gutenberg–Richter (G-R) scaling relations are commonly used on seism prediction. The variance of b-values can reflect the 

seism active degree of the area. B value in frequent failure time is lower than in stable failure time. We use the curve to calculate 

the values of parameters a and b in the Gutenberg–Richter (G-R) relation, draw a graph of the b-value and the ratio of the 

number of failures over time, and find that the trend is reversed, which prove that the b-value can reflect the ratio of the number 

of failures. Draw the trend curve of a-value and lgN. By comparing and finding the same trend, it is proved that the a-value can 

reflect the overall level of failure data. The relationship between a and b-value is analyzed and the influencing factors on activity 

parameters are discussed. 
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1. Introduction 

In the manufacturing industry, CNC machine tools are 

the most fundamental processing equipment and a symbol 

of comprehensive national strength. With the modern 

advancements and the improvement of national demand, the 

requirements for CNC machine tools are constantly 

changing. In order to meet the market demand, CNC 

machine tools are developing towards high speed, multi-

function, high reliability, intelligence, high precision and 

other directions [1]. With the increasing demand for CNC 

machine tools in the market, the reliability of China’s 

machine tools is also constantly improving, but it is still 

insufficient compared with some advanced foreign machine 

tools. Therefore, the research on the reliability of CNC 

machine tools has not stopped. The research on the 

reliability of machine tools mainly improves the production 

efficiency by reducing the failure rate of machine tools as to 

reduce the number of failures and the impact of failures. 

From the previous research, we get that the failure 

interval of CNC machine tools submits to Weibull 

Distribution. We get the fitted curves of a series of CNC 

machine tools as given in Figure 1 and Figure 2.  

 

 
Figure 1. Fitting Diagram of Reliability Curve 

Figure 2. Fitting Diagram of Failure Rate Curve 
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The Gutenberg-Richter relation (G-R curve: 

lg N a bM  ), which reflects the relationship between 

magnitude and frequency, is usually used to study the 

seismicity characteristics of various regions of the world [2-

4]. In the Gutenberg–Richter (G-R) curve, the parameter a is 

the intercept of the straight line and the vertical axis, 

indicating the overall activity level of the earthquake, and 

the parameter b is the slope of the straight line, indicating 

the proportional relationship of the large and small 

earthquakes [5, 6]. When the b-value is low, it indicates that 

the large earthquake accounts for a higher proportion in the 

study area. In most cases, the b-value will stabilize at around 

1. When the value of a is large, it indicates that the number 

of earthquakes is greater. This relation is used in the study 

of failures of CNC machine tools, where M represents the 

failure level and N represents the number of failures greater 

than or equal to M in a certain period of time.  

2. Applying Gutenberg–Richter (G-R) Scaling 

Relations to Describe the Failure Rate of the CNC 

Machine Tools 

    We analyze the failure data of a series of CNC 

machine tools according to different phases to inquire into 

the laws followed. As the drawing of Gutenberg–Richter 

(G-R) scaling relations in seismic research, we divide the 

failures into nine grades according to the extent of criticality 

and put into analysis. 

We draw the curves of different stages as given below: 

0      1      2      3      4      5      6      7      8      9     M

lgN

0.5

9

8

7

6
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1

0

0.85

0.93

1.0

 
Figure 3. Gutenberg–Richter (G-R) scaling relations of a series of 

CNC machine tools 

Notes: 0.5 shows the early research stage. 

      0.85 shows after the research stage. 

      0.93 shows after research (2001.1-2003.12) stage. 

      1.0 shows after research (2009.1-2015.12) stage. 

The increase of the credibility of the CNC machine tools 

is a long-term and meticulous course of work. Through ten 

years’ cooperation, the MTBF value of this series of 

machine tools has been increased greatly. It can be said that 

achievements in this research are still significant. For the 

length of the paper, we cannot list the overall measurements 

here. From the Gutenberg–Richter (G-R) scaling relations 

we can see that b-value is changed from 0.5 to 0.85 to 0.93 

and the final b-value is 1.0.  

2.1. Mean Time between Failures 

The mean time between failures [7] (MTBF) is the mean 

value of the time between failures of the equipment. If the 

number of failures of the equipment is n and the time 

between failures is t1, t2, , tn, then the mean time between 

failures is 

 1 2( ) /nMTBF t t t n              (1) 

The reliability index of the CNC machine tool can be 

judged as MTBF, reflecting the ability of machine tools to 

complete the task within the specified time. The reliability 

index is divided into 5 grades [8-10], with “very high” about 

1800 hours, “high” about 1200 hours, “intermediate” about 

800 hours, “low” about 600 hours and “very low” about 400 

hours. The MTBF value of early CNC machine tools in 

China was only over 200 hours, and the room for 

improvement was very large. 

2.2. Collection and Division of Fault Data 

CNC machine tools cannot complete the specified 

functions under the specified conditions and within the 

specified time, or the performance of one or several 

parameters beyond the allowable range is called failure. 

When studying the reliability of CNC machine tools, it is 

necessary to collect the failure data. Due to the timeliness 

and randomness of the data, it is also needed to sort the data. 

The failure data of a CNC machine tool in recent years 

was analyzed, and the number of samples was 20, which 

lasted about 20 years. Due to the large amount of data, the 

data must first be sorted. Different ways of failure 

classification will lead to the difference in the number of 

failures corresponding to each grade. According to J.X. 

Ding’s paper [8], the failure grade of CNC machine tools can 

be divided into three aspects: downtime, subsystem failure 

frequency and component failure frequency [11-15]. 

The number of failures is graded through the above three 

aspects, and each division method is fitted with MATLAB. 

As shown in Table 1, N =(N1+N2+N3)/3, a and b are fitted 

by failure grade M and lgN. According to the obtained b-

value, a1, a2, and a3 corresponding to N1, N2, and N3 are 

calculated. By comparing a1, a2 and a3 with the a-value 

obtained by the previous fitting, the a-values obtained by 

the three classification methods are similar, which can be 

concluded that the three classification methods are feasible. 

From the sorted data, no reliability improvement was made 

from the very beginning, and after the improvement, the 

number of failures decreased significantly, and the 

production efficiency was further improved. Table 1 to 

Table 4 are the results of partial failure data processing 

Table 1. Failure data and a-value of a CNC machine tool from 

January 2015 to December 2017 

M N1 N2 N3 lgN a b a1 a2 a3 

1 380 417 398 2.60 3.67 1.07 3.65 3.69 3.67 

1.5 111 122 116 2.07 3.67 1.07 3.65 3.69 3.67 

2 32 35 34 1.53 3.67 1.07 3.65 3.69 3.67 

2.5 9 10 10 1.00 3.67 1.07 3.65 3.69 3.67 

3 3 3 3 0.46 3.67 1.07 3.65 3.69 3.67 

3.5 1 1 1 -0.07 3.67 1.07 3.65 3.69 3.67 

4 0 0 0 -0.61 3.67 1.07 3.65 3.69 3.67 
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Table 2. Failure data and a-value of a CNC machine tool from 

January 2012 to December 2014 

M N1 N2 N3 lgN a b a1 a2 a3 

1 398 407 339 2.58 3.53 0.95 3.55 3.56 3.48 

1.5 133 136 114 2.11 3.53 0.95 3.55 3.56 3.48 

2 45 46 38 1.63 3.53 0.95 3.55 3.56 3.48 

2.5 15 15 13 1.16 3.53 0.95 3.55 3.56 3.48 

3 5 5 4 0.68 3.53 0.95 3.55 3.56 3.48 

3.5 2 2 1 0.21 3.53 0.95 3.55 3.56 3.48 

4 1 1 0 -0.27 3.53 0.95 3.55 3.56 3.48 

4.5 0 0 0 -0.74 3.53 0.95 3.55 3.56 3.48 

Table 3. Failure data and a-value of a CNC machine tool from 

January 2009 to December 2011 

M N1 N2 N3 lgN a b a1 a2 a3 

1 525 501 537 2.72 3.61 0.89 3.61 3.59 3.62 

1.5 188 180 193 2.27 3.61 0.89 3.61 3.59 3.62 

2 68 65 69 1.83 3.61 0.89 3.61 3.59 3.62 

2.5 24 23 25 1.38 3.61 0.89 3.61 3.59 3.62 

3 9 8 9 0.94 3.61 0.89 3.61 3.59 3.62 

3.5 3 3 3 0.49 3.61 0.89 3.61 3.59 3.62 

4 1 1 1 0.05 3.61 0.89 3.61 3.59 3.62 

4.5 0 0 0 -0.40 3.61 0.89 3.61 3.59 3.62 

Table 4. Failure data and a-value of a CNC machine tool from 

January 2006 to December 2008 

M N1 N2 N3 lgN a b a1 a2 a3 

1 891 832 871 2.94 3.71 0.77 3.72 3.69 3.71 

1.5 367 343 359 2.55 3.71 0.77 3.72 3.69 3.71 

2 151 141 148 2.17 3.71 0.77 3.72 3.69 3.71 

2.5 62 58 61 1.78 3.71 0.77 3.72 3.69 3.71 

3 26 24 25 1.40 3.71 0.77 3.72 3.69 3.71 

3.5 11 10 10 1.01 3.71 0.77 3.72 3.69 3.71 

4 4 4 4 0.63 3.71 0.77 3.72 3.69 3.71 

4.5 2 2 2 0.24 3.71 0.77 3.72 3.69 3.71 

5 1 1 1 -0.14 3.71 0.77 3.72 3.69 3.71 

5.5 0 0 0 -0.53 3.71 0.77 3.72 3.69 3.71 

Taking the failure data of Table 5 (January 2001-

December 2003) as an example, the fitting is performed by 

MATLAB, and the fitted curve is lg 3.8001 0.51N M 

. As shown in Figure 4, the failure grade and the number of 

failures satisfy the relationship of Gutenberg–Richter (G-R) 

curve. Due to the initial reliability improvement, the failure 

rate is high, and the MTBF is about 400 hours. The b-value 

is relatively low. 

 

 

Figure 4. MATLAB fitting results Units 

Table 5. First stage failure data after reliability study (January 2001 
to December 2003) 

M N1 N2 N3 lgN a b a1 a2 a3 

1 1905 1995 1950 3.29 3.80 0.51 3.79 3.81 3.80 

1.5 1059 1109 1084 3.04 3.80 0.51 3.79 3.81 3.80 

2 589 617 603 2.78 3.80 0.51 3.79 3.81 3.80 

2.5 327 343 335 2.53 3.80 0.51 3.79 3.81 3.80 

3 182 191 186 2.27 3.80 0.51 3.79 3.81 3.80 

3.5 101 106 104 2.02 3.80 0.51 3.79 3.81 3.80 

4 56 59 58 1.76 3.80 0.51 3.79 3.81 3.80 

4.5 31 33 32 1.51 3.80 0.51 3.79 3.81 3.80 

5 17 18 18 1.25 3.80 0.51 3.79 3.81 3.80 

5.5 10 10 10 1.00 3.80 0.51 3.79 3.81 3.80 

6 5 6 5 0.74 3.80 0.51 3.79 3.81 3.80 

 

 

 

Figure 5. Initial magnitude-frequency graph 
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3. Analysis of Parameters 

In the relationship between magnitude and frequency of 

earthquakes, b-value is the slope of the straight line in the 

logarithmic coordinate system, which is expressed as the 

proportional relationship between large and small 

earthquakes in a certain area. The larger the b-value is, the 

more the proportion of large earthquakes, so it has been 

studied by many scholars. In the use of the relationship 

between magnitude and frequency in the failure data of 

CNC machine tools, the b-value may be the ratio of the 

number of large failure grade to the number of small failure 

grade. We will verify this idea below; fitting the Gutenberg–

Richter (G-R) curves of each year to obtain different b-

values and plotting the b-value as a function of time. A 

failure grade greater than or equal to 4 is defined as a large 

failure, and a failure grade less than 4 is defined as a small 

failure. Draw a plot of the ratio of large failure to small 

failure. It can be seen from Figure 6 that the b-value curve 

and the curve of the ratio of the large failure to the small 

failure are basically opposite, that is to say, the larger the b-

value, the smaller the proportion of the large failure, which 

shows that the b-value can reflect the ratio of large failure 

to small failure. 

In Gutenberg–Richter (G-R) curve, a reflects the 

earthquake times over zero magnitude and represents the 

overall level. When m is zero, a represents the intercept. a 

values are greatly reflected by the initial data. So we should 

not ignore the lower level failures. In order to analyze the 

physical meanings of a values in the CNC machine tools 

faliure data, we collected a large amount of faliure data from 

2003 to 2017 and drew the plot (M=1) . From Figure 7, we 

can see that the trend of a and lgN are similar. There is a 

certain connection between them . Figure 7 shows that a-

values can reflect the level of integration of the CNC 

machine tools. We get the MTBF in 2017 of the series 

machine tools is more than 1000 hours. The reliability index 

can reach intermediate level. 

4. Conclusion 

the fault data of CNC machine tools have been collected 

and analyzed, and then the Gutenberg–Richter (G-R) curve 

relationship in the earthquake has been applied to CNC 

machine tools. Three methods are used to divide the fault 

levels, and the fault times of different levels are obtained. 

The physical meaning of the parameters is studied to 

describe the failure grade of the CNC machine. By 

comparing the b-value and the ratio of large failure to small 

failure with time, it is proved that b-value can reflect the 

ratio of large failure to small fault over a period of time. By 

comparing the relationship between a-value and lgN over 

time, it can be shown that they have a close relationship, and 

a-value can reflect the overall level of CNC machine tools.  

The result of this paper is very close to the conclusion of 

seismology, which verifies that the model hypothesis is 

correct and feasible.  
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Figure 6. The trend of the b-value and the ratio of the number of large failures and small failures over time 

 

Figure 7. Comparison of a-value and lgN with time 
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Abstract 

In order to improve the accuracy of fault state monitoring of electromechanical system, a fault state informatization 

monitoring technology for large complex electromechanical system is proposed. Based on the standard PD (Partial Discharge) 

signal expression derived from the traditional communication theory, the characteristic value of the fault signal is calculated, 

and the feature of the fault state signal is extracted by using the functions of the time and frequency of the fault state of the 

electromechanical system. Experimental results show that compared with the information monitoring technology based on 

support vector machine, the proposed fault monitoring technology has a higher monitoring accuracy. 

© 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

Large-scale complex electromechanical systems in 

modern engineering are gradually developing towards the 

direction of complicated structure, intelligent operation and 

process automation. Such electromechanical features make 

not only the components within each single device very 

closely interconnected, but also the different devices are 

very closely interconnected, and through such close 

structural and functional interconnections, a complete 

device operating system is constructed [1]. Due to the high 

load capacity, high transmission accuracy and the relevant 

characteristics of constant power transmission of large 

complex electromechanical systems, large complex 

electromechanical systems, as an indispensable component 

of electromechanical equipment, are widely used in modern 

equipment such as aviation, agricultural electromechanical 

equipment, factories, mines, military equipment, power 

systems, and metallurgical electromechanical equipment, 

etc. [2, 3]. 

If the mechanical and electrical system of a moving car 

breaks down, it will directly affect the life and safety of the 

people inside the car; for some machinery and equipment 

that are in a state of continuous operation for a long time, 

such as generating units in the electric power industry, and 

machine power for ore collection and transportation in the 

mining industry, the whole production process will be 

stopped due to the mechanical and electrical failure, which 

will cause incalculable economic losses [4]. For example, in 

1988, the main axle of the power plant in Qinling Mountain 

area was broken, and the national economy suffered a loss 

of over 100 million yuan, and affected the local normal 

electricity use, and affected people's normal life. Our 

country once used a scientific survey ship to go to sea for 

scientific research. After a period of navigation, due to a 

partial breakage of the main retarder, the research ship had 

to slow down and move forward. As a result, the whole fleet 

did not arrive at the designated scientific survey area on 

schedule, and the scientific survey action was seriously 

affected [5]. In 1986, a generator unit at the Chernobyl 

nuclear power plant in the former Soviet Union was 

vibrating because of a serious mechanical and electrical 

failure, which led to nuclear leakage, more than 2,000 

deaths, and economic losses of $3 billion. The 

consequences of the accident, which caused severe 

environmental pollution and threatened the safety of human 

life, were incalculable [6]. 

As early as one hundred years ago, people began to study 

the fault and fault information state of large complex 

electromechanical systems. However, the fault state 

monitoring technology for large complex electromechanical 

systems has become a scientific component of the 

equipment fault monitoring technology, which can arouse 

people's great attention. In 1986, the British scholar H. 

Optiz published some research curves of great significance 

in the fault monitoring of large complex electromechanical 

systems, and discussed that the vibration and noise 

generated by electromechanical systems are functions of 

power and error generated by electromechanical 

transmission [7]. There are two kinds of methods to monitor 

the faults of electromechanical system: one is to process the 

dynamic data of vibration and noise by signal processing 

method, the other is to detect the faults of electromechanical 

system by analyzing and processing the lubricating oil used 

in the process of working. At present, the vibration signal is 

widely used in electromechanical system fault monitoring, 

and the technology is mature, but the vibration fault 
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monitoring method has its own shortcomings. In addition, 

among the existing fault monitoring methods, there are 

many cases of using acoustic emission technology to realize 

fault monitoring, but the scientific research applied to the 

fault monitoring of electromechanical systems is not very 

extensive. However, due to the characteristics of high 

sampling accuracy and fast collection speed, the application 

of acoustic emission signals to the fault monitoring of 

electromechanical systems still has high scientific research 

value [8-10]. 

To sum up, it can be found that the fault monitoring 

technology of electromechanical system has a long history 

at home and abroad, and in some areas of electromechanical 

fault monitoring and technology is relatively mature [11, 

12]. But from the technical level, it can be seen that the 

current fault monitoring technology of electromechanical 

system is mainly used to collect and analyze signals by 

means of vibration, but because vibration signals in the 

operation of large electromechanical equipment will 

produce a lot of noise, it is easy to submerge useful vibration 

signals in noise. Another point is that vibration sensors pick 

up mechanical and electrical systems only when they are in 

deep trouble, making them difficult to detect in the early 

stages of a failure [13]. With the development of science 

and technology, AE signal acquisition system has been 

developed. Because AE signal has the characteristics of 

high acquisition precision and high signal frequency, it is 

easy to collect the fault information in the early stage of 

signal occurrence, and because of the high frequency of AE 

signal, it is easy to shield the noise information generated 

by electromechanical equipment. So, it is found that the use 

of AE signal to achieve fault monitoring of 

electromechanical system has a little scientific research 

value by reference to the summarized literature. Based on 

the above background, the research on fault monitoring of 

electromechanical system can realize the fundamental 

transformation of electromechanical system from accident 

maintenance, regular maintenance to real-time maintenance 

according to the operation of electromechanical system, and 

can reduce some unnecessary economic losses, thus 

produce greater economic benefits and social benefits. 

Therefore, fault monitoring of electromechanical system is 

of great significance in people’s real life. 

 

2. Design of Fault State Information Monitoring 

Technology for Large Complex Electromechanical 

System 

2.1. Extracting fault state signal characteristics of 

electromechanical systems 

The traditional fault monitoring method based on 

discharge current pulse is based on the IEC60270 standard. 

The frequency band is limited to 10-200 kHz. The 

measurement is the total amount of local discharge. Finally, 

the spectrum of Yi-Q-N (discharge phase - discharge 

quantity - discharge times) is drawn to identify the discharge 

types. This method is insufficient to obtain sufficient local 

discharge and noise in the information area and different 

types of local discharge, and the anti-noise ability is weak 

[14]. 

PD Check converts the actual time of the PD signal into 

the equivalent time, so that the length of the signal can be 

linked to other information about the signal. Formula (1) is 

a standardized PD signal expression based on the traditional 

communication theory. 

  
 

 
2

0

T

s t
s t

s t dt




                           (1) 

In the formula,  s t  represents the transformation of 

PD signal standardization ( t  is time), calculates the signal 

characteristics, and obtains the function of time and 

frequency: 
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Formula (2) and (3) are the standard deviation of  s t  

in formula (1) in time domain and frequency domain. 

 S f  is the Fourier transform of  s t , 
0t  is the time 

center of the standard signal, and 
0t  expression is: 
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The feature of a PD signal is transformed into some 

digital quantities, which preserve the time and frequency 

information of the signal. The signals generated by the same 

PD source are very similar, usually the collected data 

contains more than one signal source, and the stronger noise 

signal will cover the internal PD signal. In order to separate 

and record the source of the signal and eliminate the 

interference, the fuzzy logic method is applied to obtain the 

classification of PD pulse [15]. Different types of signals 

can be separated according to the characteristics of different 

types of impulses, which plays a vital role in the noise 

separation and type analysis. Then, the noise interference of 

fault signal is eliminated, which provides the basis for fault 

monitoring of electromechanical system. 

2.2. Eliminating noise interference of fault signal 

Through calculation and classification, the fault signals 

with different characteristics can be divided into different 

parts. This step is to remove the noise signals from different 

parts of the signals. For the general fault state noise signals, 

due to the randomness of the fault state signals, their phases 

are not necessarily related to the phases of the applied 

voltage, which is very obvious in the local spectrograph, 

that is, the points representing these noise pulses are 

scattered over all time periods without any rules, and we can 

easily eliminate the fault state noise signals after 

classification [16]. Another kind of fault state noise signal 

is fixed in one or several phases, they have relatively fixed 

phase angle, such as AC/DC rectifier. This recurrence of the 

periodic appearance in the same phase of the signal 

spectrum can also be obtained through the Fourier 

transform. Choose different parts, observe the discharge 

spectrum, we can find out the noise signal. 

The aim of fault state signal type recognition is to find 

out the PD signal's PD source accurately and judge its harm. 

In principle, the more samples collected, the more accurate 

the analysis. However, due to a variety of noises and local 

sources that consistently emit fault state signals, too many 

signals can lead to overlap, making it difficult to separate 

fault state signals [17]. Therefore, the number of fault state 

signal acquisition can only be guaranteed to extract a 

complete fault state signal characteristics. 
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When the fault state signals are separated, the PD signals 

can be statistically calculated to obtain the standard 

parameters and the distributed parameters of the PD pulses, 

which can help identify the types of fault state signals [18-

20]. 

The PDCheck system is equipped with a powerful expert 

identification system, in which a huge database of fault state 

characteristics is included. For each discharge pulse 

waveform analysis software, dozens of fault state 

characteristics are extracted according to certain steps, and 

then the fault state characteristics are compared with the 

fault state in the expert database. The fuzzy logic method is 

used to determine the similarity between the tested fault 

state type and the known fault state type, so as to reach the 

corresponding judgment conclusion [21]. The recognition 

of a signal can be divided into two levels, the first level is 

to judge the type of PD, which is mainly divided into 

internal failure state, surface failure state and corona failure 

state. This step is judged by the analysis of the random 

characteristics of the fault state signals [22]. Among the 

parameters that represent the signal characteristics, only the 

very appropriate and accurate signal characteristics can be 

defined as the characteristic database of the fault state 

signals. 

2.3. Monitoring the failure state of electromechanical 

systems 

The KELM (Kernel Extreme Learning Machine) theory 

is used to monitor the fault state of electromechanical 

system. When the KELM algorithm is used to monitor the 

collected health state data of electromechanical system, the 

test results are not stable because of the unstable 

performance caused by the random initialization weight. 

Differential evolution algorithms can be used to solve 

optimal input weights, but because iterative evolution takes 

a lot of time, there is no guarantee that the optimal network 

structure will be obtained [23]. In order to make the 

performance of the KELM algorithm more stable, the 

concept of kernel function is introduced according to the 

SVM (Support Vector Machine), and the nonlinear kernel 

mapping is introduced into the KELM algorithm. 

Many engineering practices show that it is feasible to 

combine kernel functions with KELM, which improves the 

stability of KELM algorithm and has better nonlinear 

approximation ability [24]. The kernel functions commonly 

used in SVM are linear kernel function and polynomial 

kernel function. These can be applied to KELM as a kernel 

function. 

Given any N different samples  ,i ix t , the specific fault 

monitoring process is as follows: 

1. Step 1: Get fault characteristic samples of 

electromechanical systems in different health states, and 

normalize the samples; 

2. Step 2: Train KELM. The normalized characteristic data 

of electromechanical system is composed of training 

samples  ,i ix t  and 1,2, ,i N , and the kernel 

function is selected to obtain the optimal classification 

function: 
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In the equation,  K   represents the kernel function, I  

represents the fault current, C  represents the fault 

normalized characteristic parameter, 
ELM  represents the 

fault information entropy. 

3. Step 3: Fault monitoring of mechanical and electrical 

systems with a constructed KELM fault monitoring 

model. 

To sum up, according to the standardized PD signal 

expression derived from the traditional communication 

theory, the characteristic value of the fault signal is 

calculated, and the feature extraction of the fault state signal 

of the electromechanical system is completed by using the 

functions of the time and frequency of the fault state of the 

electromechanical system; on the basis of eliminating the 

noise interference of the fault signal, the fault state 

monitoring of the electromechanical system is realized 

through the fault monitoring algorithm design. 

3. Comparative analysis of experiments 

3.1. Experimental Research on Fault State Information 

Monitoring Technology of Electromechanical System 

Based on SVM 

3.1.1. Sample selection 

Aiming at the research object of large-scale complex 

electromechanical system, 590 sets of experimental data are 

used as training test data in the four states 
1A , 

2A , 
3A  and 

4A  of large-scale complex electromechanical system, of 

which 400 sets are selected as normal state 
1A , 

2A  50 

groups of data are selected as training data for each of the 

three fault states 
3A  and 

4A , and 10 groups of data are 

selected as test data for each state. So, we get 550 sets of 

training data and 40 sets of test data. 

3.1.2. Selecting kernel functions and classifiers 

Compared with other kernel functions of SVM, such as 

linear kernel function, RBF can deal with the samples with 

nonlinear characteristics, and RBF needs fewer parameters 

than polynomial kernel function. 

In addition, in the selection of classifiers, the first 

problem to be solved by SVM is the problem of two 

classifications. As we know, there are four fault modes of 

electromechanical system, which belong to the problem of 

multiple classifications. 

3.1.3. Fault monitoring training and result analysis 

After analysis, seven parameters are selected to 

represent the running state of the engine, including low-

pressure rotor speed (
1N ), high-pressure rotor speed (

2N

), exhaust temperature after turbine (
4T ), engine inlet 

temperature (
2T ), gearbox vibration (

1B ), engine inlet 

pressure (
2P ), compressor outlet pressure (

3P ), as the 

characteristic parameters of the mechanical and electrical 

system. The mechanical and electrical system failure modes 

are expressed as a set of four, i.e.  1 2 3 4, , ,A A A A , in which 

mode 
1A  refers to the operation of mechanical and 

electrical system in normal state; mode 
2A  refers to the 

bearing damage failure of mechanical and electrical system; 
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mode 
3A  refers to the regulator failure of mechanical and 

electrical system; mode 
4A  refers to the failure of exhaust 

temperature and speed exceeding the limit value when the 

throttle lever is pushed from idle state to intermediate state. 

Four failure modes  1 2 3 4, , ,A A A A  of 

electromechanical system are classified and trained, in 

which normal state 
1A  sample is represented by 1; 

2A  

failure is represented by 2; 
3A  failure is represented by 3; 

4A  failure is represented by 4. After the monitoring test, the 

monitoring results as shown in Figure 1 are obtained. 
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Figure 1. Support vector machine monitoring test results 

From the test results of Figure 1, we can get the specific 

test results of 40 sets of test data in 4 states of 

electromechanical system, as shown in Table 1. 
Table 1. Test results of four failure modes 

Failure 

mode 

Number of 

test samples 

Number of 

correct 

monitoring 

Correct 

monitoring 

rate 

1A  

fault 
10 9 90% 

2A  

fault 
10 10 100% 

3A  

fault 
10 8 80% 

4A  

fault 
10 8 80% 

To sum up, the general process of fault monitoring is as 

follows: use SVM fault monitoring model to train 550 

groups of data, then use 40 groups of data to test and 

monitor the trained SVM fault monitoring model, and 

finally correctly monitor 35 groups of data, including 1 

group of 
1A  status data misdiagnosed as 

2A  fault, 2 groups 

of 
3A  fault status data misdiagnosed as D fault, 2 groups of 

C fault status data misdiagnosed as 
4A  fault The data of 

group 
4A  is misdiagnosed as failure 

3A , so it can be 

concluded that the final failure monitoring rate is 87.5% by 

testing and monitoring 40 groups of test data. 

3.2. Test and Research on information monitoring 

technology of mechanical and electrical system fault state 

Aiming at the research object of electromechanical 

system, 590 sets of experimental data are used as training 

test data under the four states of electromechanical system 

1A , 
2A , 

3A , 
4A , of which 400 sets are selected as normal 

state 
1A , 

2A  50 groups of data are selected as training data 

for each of the three fault states 
3A  and 

4A , and 10 groups 

of data are selected as test data for each state. So, we get 550 

sets of training data and 40 sets of test data.40 groups of 

samples are used to test the fault monitoring model trained 

by the limit learning machine. Table 2 shows the output 

results of ELM (Extreme Learning Machine) monitor. 

Table 2. Description of ELM monitor output results 

Monitor output 
healt

h 
statu

s 

1A  

Failure 
mode 

status 

2A  

Failure 
mode 

status 

3A  

Failure 
mode 

status 

4A  

Failure 
mode 

status 

0 0 0 1 
Healt
hy 

0 0 1 0 2A  

fault 

0 1 0 0 3A  

fault 

1 0 0 0 4A  

fault 

In this paper, the fault monitoring of electromechanical 

system based on ELM is carried out on the platform of 

MATLAB. Because the selected characteristic parameters 

of electromechanical system are 7, the number of input 

neurons should be set to 7; the fault mode of 

electromechanical system is 4, that is, the number of output 

neurons is set to 4, and the Sigmoid function is selected as 

the activation function. In addition, the connection weights 

between input layer and hidden layer and the offset b of 

neurons in hidden layer are initialized randomly, and the 

number of neurons in hidden layer is 75. The identification 

results of Limit Learning Machine fault monitoring are 

shown in Figures 2 to 5. 

 



 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 1  (ISSN 1995-6665) 109 

100

80

60

40

20

0

0 5 10 15 20 25 30 35 40

N
e
tw

o
rk

 o
u
tp

u
t 

v
a
lu

e
 a

n
d

 e
x

p
e
c
te

d
 o

u
tp

u
t 

v
a
lu

e
/%

Network output value

Expected output

Test set samples/Number

Electromechanical system failure mode 1

 
Figure 2. Output result of mode 1 
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Figure 3. Output result of mode 2 
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Figure 4. Output result of mode 3 
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Figure 5. Output result of mode 4 

It can be seen from Fig. 2 to Fig. 5 that by using the 

trained elm model to monitor each fault type with 10 groups 

of test data respectively, according to the principle that the 

previously set test output results are changed into binary 

codes, comparison and sorting are carried out, and the 

monitoring results of four types of large-scale complex 

electromechanical systems 
1A , 

2A , 
3A , 

4A  can be 

obtained respectively in Table 3 to Table 6. 

Table 3. Monitoring results of mechanical and electrical system 

1A  status 

 Actual output value Expected output 

1 0.41537 0.00005 0.00000 0.58458 0 0 0 1 

2 0.40981 0.00004 0.00000 0.59015 0 0 0 1 

3 0.39747 0.00003 0.00000 0.60250 0 0 0 1 

4 0.37752 0.00002 0.00000 0.62246 0 0 0 1 

5 0.35416 0.00001 0.00000 0.64583 0 0 0 1 

6 0.34794 0.00001 0.00000 0.65205 0 0 0 1 

7 0.35293 0.00001 0.00000 0.64706 0 0 0 1 

8 0.35829 0.00001 0.00000 0.64169 0 0 0 1 

9 0.36357 0.00001 0.00000 0.63641 0 0 0 1 

10 0.36830 0.00001 0.00000 0.63168 0 0 0 1 

It can be seen from Table 3 that the actual output value 

and expected output value of the test are compared with the 

output specified in the original training. The number of 

correct data groups monitored by these 10 groups of test 

data is 10, and the number of data groups monitored by the 

wrong fault type is 0. Therefore, the monitoring rate of 
1A  

state of electromechanical system is 100%.
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Table 4. Monitoring results of mechanical and electrical system 
2A  status 

 Actual output value Expected output 

1 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

2 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

3 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

4 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

5 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

6 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

7 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

8 6.4900000000000e-321 1.0436945140000e-314 1.00000 0.00000 0 0 1 0 

9 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

10 0.00000 0.00000 1.00000 0.00000 0 0 1 0 

 

It can be seen from Table 4 that the actual output value 

and expected output value of the test are compared with the 

output specified in the original training. The number of 

correct data groups monitored by these 10 groups of test 

data is 10, so the monitoring rate of 
2A  state of 

electromechanical system is 100%. 

Table 5. Monitoring results of mechanical and electrical system 

3A  status 

 Actual output value Expected output 

1 0.00202 0.77226 0.00000 0.22571 0 1 0 0 

2 0.00588 0.72855 0.00000 0.26557 0 1 0 0 

3 0.00000 0.98448 0.00000 0.01552 0 1 0 0 

4 0.00000 0.84964 0.00000 0.15035 0 1 0 0 

5 0.00003 0.84336 0.00000 0.15661 0 1 0 0 

6 0.00019 0.85666 0.00000 0.14315 0 1 0 0 

7 0.00001 0.95109 0.00000 0.04890 0 1 0 0 

8 0.01001 0.49985 0.00000 0.49013 0 1 0 0 

9 0.00008 0.95084 0.00000 0.04908 0 1 0 0 

10 0.00083 0.61570 0.00000 0.38347 0 1 0 0 

It can be seen from Table 5 that the actual output value 

and expected output value of the test are compared with the 

output specified in the original training. The number of 

correct data groups monitored by these 10 groups of test 

data is 9, and the number of data groups monitored by the 

wrong fault type is 1. Therefore, the monitoring rate of 
3A  

state of electromechanical system is 90%. 

Table 6. Monitoring results of mechanical and electrical system 

4A  status 

 Actual output value Expected output 

1 0.48547 0.00303 0.00000 0.51150 0 0 0 1 

2 0.50065 0.00330 0.00000 0.49606 1 0 0 0 

3 0.53875 0.00115 0.00000 0.46010 1 0 0 0 

4 0.52609 0.00223 0.00000 0.47168 1 0 0 0 

5 0.47410 0.00195 0.00000 0.52395 0 0 0 1 

6 0.54764 0.00134 0.00000 0.45102 1 0 0 0 

7 0.50009 0.00160 0.00000 0.49831 1 0 0 0 

8 0.55583 0.00195 0.00000 0.44222 1 0 0 0 

9 0.50777 0.00140 0.00000 0.49083 1 0 0 0 

10 0.53284 0.00216 0.00000 0.46500 1 0 0 0 

It can be seen from Table 6 that the actual output value 

and expected output value of the test are compared with the 

output specified in the original training. The number of 

correct data groups monitored by these 10 groups of test 

data is 8, and the number of data groups monitored by the 

wrong fault type is 2. Therefore, the monitoring rate of 
4A  

state of electromechanical system is 80%. 

To sum up, the ELM fault monitoring model is used to 

train 550 sets of data, and 40 sets of data are used to test and 

monitor the trained ELM fault monitoring model. The final 

result is that 37 sets of data are correctly monitored, and 3 

sets of data are monitored incorrectly. 

3.3. Comparison and analysis of effects of different fault 

monitoring technologies 

The selection and comparison methods are based on the 

support vector machine monitoring technology. The 550 

groups of data under the above-mentioned four failure states 

of the mechanical and electrical system are used for 

training, and 40 groups of data are used to test the 

monitoring technology based on the support vector 

machine. The results are as shown in Table 7.  
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Table 7. Monitoring results of different states of electromechanical system based on support vector machine method 

Failure mode  Actual output value Expected output 

1A  

1 0.56734 0.00001 0 0.64972 0 0 0 1 

2 0.69734 0.00002 0 0.59346 0 0 0 1 

3 0.56701 0.00003 0 0.66795 0 0 0 1 

4 0.36974 0.00003 0 0.63697 0 0 0 1 

5 0.34219 0.00001 0 0.65647 0 0 0 1 

6 0.32577 0.00001 0 0.62367 0 0 0 1 

7 0.34524 0.00002 0 0.66379 0 0 0 1 

8 0.32472 0.00003 0 0.65937 0 0 0 1 

9 0.35274 0.00001 0 0.79416 0 0 0 1 

10 0.35277 0.00001 0 0.69734 0 0 0 1 

2A  

1 0 0 1 0 0 0 1 0 

2 0 0 1 0 0 0 1 0 

3 0 0 1 0 0 0 1 0 

4 1 0 0 0 0 0 1 0 

5 0 0 1 0 0 0 1 0 

6 0 0 1 0 0 0 1 0 

7 0 0 1 0 0 0 1 0 

8 1.34697 1.9465 1 0 0 0 1 0 

9 0 0 1 0 0 0 1 0 

10 0 0 1 0 0 0 1 0 

3A  

1 0.04527 0.45277 0 0.25427 0 1 0 0 

2 0.00452 0.75277 0 0.27527 0 1 0 0 

3 0 0.9272 0 0.01752 0 1 0 0 

4 0 0.72752 0 0.72772 0 1 0 0 

5 0 0.452 0 0.7527 0 1 0 0 

6 0.00012 0.84527 0 0.14224 0 1 0 0 

7 1 1 0 0.04527 0 1 0 0 

8 0.01042 0.54277 0 0.40204 0 1 0 0 

9 0.0004 0.9204 0 0.02752 0 1 0 0 

10 1 0.2044 0 0.34527 0 1 0 0 

4A  

1 0.25752 0.0427 0 0.5115 0 0 0 1 

2 0.45427 0.0033 0 0.49606 1 0 0 0 

3 0.54277 0.02425 0 0.4601 1 0 0 0 

4 0.54275 0.04205 0 0.47168 1 0 0 0 

5 1.357 0 0 0.57257 0 0 0 1 

6 0.42752 0.00134 0 0.45102 1 0 0 0 

7 0.500427 0.04074 0 0.49831 1 0 0 0 

8 0.57257 0.04024 0 0.44222 1 0 0 0 

9 0.51527 0.0014 0 0.49083 1 0 0 0 

10 0.5727 0.042 0 0.465 1 0 0 0 

 
Based on the analysis of the above data, the number of 

monitoring errors in 
1A  fault state is 2, the number of 

monitoring errors in 
2A  fault states is 1, the number of 

monitoring errors in 
3A  fault states is 1, and the number of 

monitoring errors in 
4A  fault states is 1. The results of the 

two methods are summarized and compared as shown in 

Table 8. 

Table 8. Comparison of results of different monitoring techniques 

Monitoring 

technology 

Total 

number of 

test 

samples 

Correctly 

identify the 

number of 

samples 

Number of 

error 

identification 

samples 

Correct 

recogniti

on rate 

Monitoring 

technology 

based on 

SVM 

40 35 5 87.5% 

Proposed 

monitoring 

technology 

40 37 3 92.5% 

From Table 8, we can see that the proposed monitoring 

technology is the best, the correct recognition rate is 92.5%, 

while the correct recognition rate of the monitoring 

technology based on SVM is 87.5%. Therefore, the 

proposed monitoring technology has a higher monitoring 

accuracy. 

4. Conclusions 

Large complex electromechanical system is a device 

with complex structure in electromechanical equipment. In 

addition, large complex electromechanical system plays the 

role of transmitting power in the operation of equipment, so 

it carries more forces. In addition, the general large complex 

electromechanical system is running in the environment of 

poor external conditions, so it is also a component prone to 

failure. Once a large complex electromechanical system 

failure will cause the most direct impact on the reliability of 

the entire operation of electromechanical equipment and 

will lead to reduced efficiency and precision. With the 

development of large scale, complicated and automatic, the 

failure of large complex electromechanical system will 

make the industrial production and even the whole society 

run normally. Based on the feature of fault state signal, the 

noise interference of fault signal is eliminated, and the fault 

state monitoring flow is combined to realize the fault state 

monitoring of electromechanical system. The results show 
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that the proposed fault monitoring technology in different 

modes of fault monitoring, the accuracy of fault monitoring 

reaches 92.5%, far higher than the failure rate of other 

methods, indicating that the design method can effectively 

improve the accuracy of fault monitoring. Although this 

paper has basically achieved the expected goal of 

graduation design, but because of the limited number of test 

samples, the results and conclusions can only be used as a 

technical guidance in practical application. 
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Abstract 

Due to the lack of precision in the modeling of the vehicle power system, the fault diagnosis and alarm accuracy of the 

current hybrid vehicle dynamic performance fault alarm method is reduced. Therefore, a hybrid vehicle dynamic performance 

fault alarm method based on hydraulic technology is designed. The power system model of hybrid electric vehicle is built by 

hydraulic technology, which is the data base of fault diagnosis. The method of self-diagnosis and the knowledge base of fault 

diagnosis are used to realize the fault diagnosis of vehicle power system. The interface between mobile network and on-board 

information is selected to realize vehicle fault alarm by setting alarm information content. The fault diagnosis accuracy of this 

method is always between 88.5% and 94.5%, the fault diagnosis time is less than 0.5 s, and the highest effective failure alarm 

rate is 99.8%. The experimental results show that the research method has the advantages of high accuracy, short diagnosis 

time, high effective alarm rate, low cost, superior economic performance and good application effect. 
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1. Introduction 

With the gradual improvement of economic and living 

standards, the demand for automobiles is increasing rapidly. 

While automobiles bring convenience, rapidity, and 

comfort to our life, a series of environmental and energy 

problems caused by automobiles are gradually prominent. 

Up to now, automobiles have become one of the important 

factors affecting the urban environmental construction and 

the sustainable development of national energy. Therefore, 

the international traditional automotive research and 

development, manufacturing and production field is facing 

great challenges, the transformation of the development of 

the automotive industry is imperative. With its low energy 

consumption and clean and pollution-free emissions, new 

energy vehicles have become the focus of current research 

in the automobile industry, and related fields, and are 

favored by scientific research institutions and related 

production fields of various countries [1, 2]. 

At present, there are many kinds of problems in the 

commonly used fuel engine vehicles. According to the 

relevant data, since the 1990s, due to the increasingly lack 

of resources and the growing voice of environmental 

protection in the world, various electric vehicles have 

emerged. Due to the large mass and volume of the battery 

pack of electric vehicle, the endurance and power 

performance of electric vehicle cannot reach the level of 

current internal combustion engine. In addition, the 

selection of electric vehicle components such as air 

conditioning and heating must fully consider the impact of 

its energy consumption on the endurance of electric 

vehicles. The high price and limited life of battery pack also 

limit the market prospect of electric vehicle. The above 

constraints make the development and application of 

electric vehicles slow down, and it is impossible to 

industrialize them in a short period of time. In this case, the 

"quasi green vehicle"-hybrid vehicle, which integrates the 

advantages of internal combustion engine vehicles and 

electric vehicles, has stepped onto the historical stage [3]. 

In general, hybrid electric vehicle refers to a vehicle in 

which the motor and engine (engine is generally called 

auxiliary power unit, APU) are used as the power device at 

the same time. Through the advanced control system, the 

two power devices can coordinate organically, realize the 

optimal distribution of energy, and achieve low energy 

consumption, low emissions and high automation. 

As a quasi-green vehicle, hybrid electric vehicle has 

many products in developed countries. In order to realize 

market-oriented and scale-up of domestic hybrid vehicles, 

problems and challenges need to be solved, including: 

developing energy storage devices with high specific 

energy and high specific power, low-cost and efficient 

electronic communication equipment, as well as engines 

with high fuel economy and low emissions [4]. At present, 

major automobile companies are carrying out research on 

hybrid power unit technology, energy storage technology 

and vehicle integrated power electronic module. It is 

estimated that in the next 10 years, more than 40% of the 

world's newly produced vehicles will be hybrid vehicles. 

The research and development of hybrid electric vehicle 

is of great significance to the smooth development of 

environmental protection engineering. Although the hybrid 

* Corresponding author e-mail: ddliuwj@163.com 
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vehicle has been published before the 21st century, the 

contemporary hybrid vehicle is a brand-new machine, 

which is totally different from the traditional hybrid vehicle, 

it is not only a transport vehicle, but also a brand-new 

electrical equipment [5]. In the application process of 

hybrid electric vehicle, there are often power performance 

problems, which need to be diagnosed and dealt with in time 

to avoid unnecessary economic losses. The research of 

power performance fault diagnosis is the core of fault alarm. 

According to different signal types, fault diagnosis 

technology can be divided into noise diagnosis, temperature 

diagnosis, oil analysis, spectrum analysis, etc. In recent 

years, with the development of artificial intelligence 

technology, the automation and intelligence of fault 

diagnosis and early warning has gradually become a reality. 

For example, in literature [6], the local mean decomposition 

method is used to extract the feature of the fault signal of 

hybrid electric vehicle, determine the fault noise source, and 

use the discrete wavelet method to eliminate the noise and 

restore the fault acoustic signal of vehicle. SDP graphics 

technology is used to transform the acoustic signal into 

polar coordinates to judge whether the hybrid electric 

vehicle has a fault or not. The fault detection results are used 

to alarm the power performance of the vehicle. However, 

this method has the problem of long warning time, which is 

difficult to be widely used in practice. In literature [7], the 

generation mechanism, characteristics and types of DC fault 

arc are introduced, and three detection methods of DC fault 

arc in time domain, frequency domain and time frequency 

domain are analyzed. A simulation test system is built to 

obtain the normal arc and fault arc circuit signals under 

different loads. The time-frequency Cassie arc simulation 

model is established, and the current signal before and after 

the arc fault is reconstructed and extracted by using the 5-

layer wavelet packet decomposition technology. The energy 

ratio is used as the characteristic parameter, and this value 

is taken as the basis of the fault early warning. However, the 

judgment of the location of the vehicle power fault by this 

method is not accurate, which results in the early warning 

results not in line with the reality. 

In order to solve the problems of the above methods, this 

paper uses the characteristics of fault detection and analysis 

technology, such as long history, mature technology, early 

structure forming and rich data, which puts forward the fault 

alarm method of hybrid electric vehicle power performance 

based on hydraulic technology, and thus studies the 

structure design of fault early warning framework, fault tree 

knowledge and fault early warning setting, and at the same 

time, studies the relational database. Combined with the 

hydraulic technology, the fault early warning based on the 

hydraulic technology is realized. 

2. Design of power performance fault alarm method of 

hybrid electric vehicle based on hydraulic technology 

Due to the application of electronic technology, 

computer technology, information technology, automatic 

control technology, friction and wear technology, new 

technology and new materials, the hydraulic system and 

components have been greatly improved. In order to 

rationalize the design of the fault alarm method for the 

power performance of the hybrid electric vehicle, the 

composition of the power part of the hybrid electric vehicle 

is analyzed by using the advantages of the high power 

density of the hydraulic components in the hydraulic 

technology. The specific analysis results are as follows.

Fuel tank

Engine Engine Transmission case Bearing Retarder

Wheel

Wheel
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Traditional automobile power performance composition 

Battery system

Power converter Motor/generator Retarder

Wheel

Wheel

(b) Power performance composition of hybrid electric vehicle 

Figure 1. Composition of vehicle power performance 
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Hybrid vehicle refers to a vehicle with two or more 

power sources, and at least one energy provides electric 

energy for the vehicle. According to the different types of 

energy, there are also many types of hybrid vehicles, such 

as gasoline and battery, diesel and battery, battery and fuel 

cell, battery and super capacitor as the power source of 

vehicles. Hybrid electric vehicles are considered to have 

both internal combustion engines and electric motors, both 

of which are used as driving systems. 

The power system of hybrid electric vehicle is mainly 

composed of control system, drive system, auxiliary power 

system and battery pack. At the beginning of vehicle 

driving, the battery is in full state, its energy output can meet 

the requirements of vehicle, auxiliary power system does 

not need to work. When the battery power is less than 60%, 

the auxiliary power system starts: when the vehicle energy 

demand is large, the auxiliary power system and the battery 

pack provide energy for the drive system at the same time; 

when the vehicle energy demand is small, the auxiliary 

power system provides energy for the drive system and 

charges the battery pack at the same time. 

 In this paper, the vehicle driven by the mixture of 

internal combustion engine and electric motor is studied. As 

shown in Figure 1(a) is a traditional hybrid vehicle powered 

by diesel and fuel. Figure 1(b) is the electric drive part of 

the hybrid vehicle, which is the power performance part 

composed of generator and motor. The fault early warning 

method takes the above Figure 1(b) as the design basis. 

2.1. Model construction of hybrid vehicle power system 

According to the literature research, the hybrid vehicle 

uses hydraulic accumulator, hydraulic pump/motor as the 

power component. Taking advantage of the high-power 

density of the hydraulic accumulator, the hydraulic hybrid 

vehicle can fully recover the braking energy of the vehicle 

and release the energy of the amplified power in a short time 

[8]. The hydraulic pump/motor can work in four quadrants 

by changing the swashplate swing angle in the torque angle 

domain. It can be used to drive the vehicle under the motor 

condition and brake the vehicle under the pump condition. 

Moreover, the hydraulic pump/motor has the advantages of 

strong operability, high reliability and easy to change the 

working condition. Therefore, in this design, the hydraulic 

technology will be used to build the hybrid vehicle power 

performance model, and this model will be used as the data 

source of vehicle power performance fault alarm. 

The displacement of hydraulic pump/motor and 

swashplate angle of hybrid vehicle are calculated by 

hydraulic technology. Because the power of the hydraulic 

pump/motor selected by the vehicle should be able to meet 

the requirement that the hydraulic power system, it can 

provide enough torque when the vehicle is started 

independently and can provide enough braking torque when 

the vehicle is braked. With the increase of displacement of 

hydraulic pump/motor, its ability to recover braking energy 

is greater. The driving equation of the vehicle is: 

 ( ) ( ) ( ) ( ) af a f b f c f d m               (1) 

where: 
( )f a

 is driving force of vehicle driving (N); 

( )f b
 is resistance of vehicle driving slope (N); 

( )f c
 is 

resistance of vehicle driving air (N); am
 is acceleration of 

vehicle driving (m/s-2). The time from the start-up 

acceleration of the hydraulic hybrid vehicle to the uniform 

driving speed v  is: 

 0

1

3.6 ( ) ( ) ( )

v
am

T dv
f a f c f b


             (2) 

When the vehicle is in driving condition and the 

hydraulic power system is used to drive the vehicle 

independently, the minimum output power of the hydraulic 

pump/motor under the set average pressure shall be able to 

meet the power requirements of vehicle driving, which is 

expressed as: 

 

2* *1
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3600* 21.15

d m
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J a v
Y P f v



 
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 
           (3) 

where: minY  is the power of the hydraulic pump/motor 

(kW); P  is the total power of the vehicle during driving; 

f
 is the kinetic energy consumption coefficient; dJ

 is the 

total mileage of the vehicle; avgv
 is the average driving 

speed (km/h). When the hydraulic pump/motor operates at 

the maximum pressure set by the accumulator, it shall meet 

the power requirements of the vehicle at the maximum 

speed and certain climbing capacity, namely: 

1 2max max( , )Y Y Y                                            (4) 
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where: 


 is the transmission efficiency from the 

hydraulic pump/motor to the wheel; maxv
 is the maximum 

speed (km/h); slopv
 is the climbing speed (km/h); 


 is the 

angle of climbing. 

The power system model of hybrid electric vehicle 

consists of hydraulic pump/motor model and hydraulic 

accumulator model. Through the above vehicle energy 

calculation results, combined with hydraulic technology, 

the hybrid energy vehicle power system model is 

constructed, as follows. 

After simplification, combination and linearization, the 

dynamic mathematical model of the electro-hydraulic servo 

valve can be expressed as follows [9]: 

 
2

2 2

( )
( )

2( )
1

v

u u

rw u
Q u

u ul u 

 

 

             (7) 

where: vr  is the flow gain of servo valve; 

( )

( )

w u

l u
 is the 

output flow of servo valve; u  is the natural frequency of 

electro-hydraulic servo valve;   is the damping ratio of 

servo valve. If the frequency width of the hydraulic control 

system is low, the electro-hydraulic servo valve can be 

represented by the first order inertia link, namely: 

 
( )

( )
v

w u
r

l u
                                            (8) 

The mathematical model of the motor is as follows: 

 
4
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                           (9) 

where,  
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 i u rE E E                                           (10) 

where: ig
 is the flow into the high-pressure chamber of 

the variable cylinder; is
 is the effective working area of the 

variable cylinder piston; ik
 is the displacement of the 

variable cylinder piston; iE
 is the total leakage coefficient 

of the variable cylinder; uE
 is the internal leakage 

coefficient of the variable cylinder; rE
 is the external 

leakage coefficient of the variable cylinder; iq
 is the 

pressure difference between the high-pressure chamber and 

the low-pressure chamber of the variable cylinder (Pa); iV
 

is the total volume of the two chambers of the variable 

cylinder; 


 is the bulk elastic modulus of the oil. Through 

the analysis of this formula, the mathematical model of 

vehicle accumulator can be obtained as follows: 

 2
( )a a b a a a

a

x dfa
W h h l L z

S dt
   

         (11) 

where: aS
 is the cross-sectional area of the hydraulic 

accumulator oil; al  is the mass of the liquid in the hydraulic 

accumulator; aL
 is the viscous damping coefficient of the 

liquid in the hydraulic accumulator; az
 is the flow into the 

hydraulic accumulator; ah
 is the energy generated by the 

power system; bh
 is the energy consumed when the vehicle 

is braked. The flow continuity equation of accumulator is as 

follows: 

 j

a

dv
q

dt
                                           (12) 

According to Boyle’s law of thermodynamics, the power 

system model of hybrid electric vehicle is as follows: 

 0 0 ( ) +n

a j a j i a aZ h V h V W u g W q          (13) 

where: 0ah
 and 0

n

jV
 respectively represent the stable 

working points of the hydraulic accumulator under different 

constant pressure variable pump set pressure. 

Through the above steps, the hybrid vehicle powertrain 

model is built. In the hybrid vehicle, the accumulator plays 

a decisive role in the power performance and braking 

performance of the whole vehicle. When the minimum 

working pressure of the accumulator is fixed, then the larger 

the volume is, the smaller the change range of the system 

pressure in the process of energy recovery is. Also, the 

stronger the energy recovery capacity of the system is; when 

the accumulator volume is fixed, the larger the inflation 

pressure is, the smaller the change range of the whole 

working pressure is when the power system provides power 

and recovers braking energy. In case when the volume of 

the accumulator is fixed, the higher the maximum working 

pressure of the hydraulic accumulator is, the stronger the 

ability of driving the vehicle independently. Also, when the 

maximum working pressure of the accumulator is fixed, the 

larger the volume is, the smaller the change range of the 

system pressure is, the stronger the ability of driving the 

vehicle independently is. Therefore, it is necessary to build 

the mathematical model of the accumulator accurately, so 

as to realize the high-precision diagnosis of the power 

performance fault of the hybrid electric vehicle. 

2.2. Power performance fault diagnosis of hybrid electric 

vehicle 

Using the above-mentioned mathematical model, the 

power composition and performance of hybrid vehicles are 

studied, and the self-diagnosis method is used to compare 

the fault diagnosis results with the rated results to complete 

the fault diagnosis of vehicle power performance. The self-

diagnosis method uses the characteristic that the computer 

itself can quickly monitor the working condition of the 

control system and store the data. According to a certain 

preset program, it can automatically monitor the faults 

within the scope of the automobile-controlled system and 

store them in the form of codes in the automobile computer, 

so as to obtain the automobile fault information and carry 

out the fault diagnosis. The power performance fault 

diagnosis process of hybrid vehicle is shown in Figure 2. 
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Figure 2. Diagnosis process of power performance fault of hybrid electric vehicle
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Knowledge base is the core of power performance fault 

diagnosis of hybrid electric vehicle. Its perfection will 

directly affect the effect of fault diagnosis and the efficiency 

of fault alarm. According to prior knowledge, fault 

knowledge can be divided into three types: descriptive 

knowledge, process knowledge and control knowledge [10, 

11]. Descriptive knowledge is used to describe concepts; 

process knowledge is used to describe the characteristics of 

descriptive knowledge and their relationship with each 

other; and control knowledge is a strategy to control and use 

the two types of knowledge. In the design of the fault 

diagnosis knowledge base, the dynamic performance faults 

are classified according to the causes, location, time, 

development of faults and possible consequences. 

According to the location and cause of the fault, the fault 

can be divided into three types: motor body fault, actuator 

fault and sensor fault. 

Motor failure often occurs in the stator part, rotor part 

and bearing part of the motor body [12]. In order to monitor 

the fault signal, sensors are usually installed on the power 

components of the hybrid electric vehicle, which can collect 

the parameters of the power equipment during the operation 

of the HEV electric drive system and judge the data. In order 

to systematize the knowledge display of vehicle dynamic 

performance fault, it is set as the form of data table and 

stored in the diagnosis knowledge base. Among them, the 

classification and causes of hybrid vehicle power 

performance faults are shown in Table 1. 

Table 1. Power performance fault table of hybrid vehicle 

Fault 

No 
Failure mode Cause of failure 

1 Damaged 

failure mode 

Bearing wear 

End ring cracking 

Stator winding short circuit/open 
circuit 

2 Degraded 

failure mode 

Demagnetization of permanent 

magnet 
Aging of stator winding insulation 

3 Loose fault 

mode 

Loose stator core 

Loose sensor connector 

4 Maladjustment 

failure mode 

Rotor eccentricity 

5 Leakage proof 
failure mode 

Blocked/blocked cooling water 
Cooling water leakage 

6 Other failure 

modes 

Noise/vibration 

In the research of motor fault, three kinds of faults, 

stator, rotor and bearing, are selected to detect and judge. 

Among them, stator failure includes stator core and stator 

winding [13, 14]. The failure of stator core may be caused 

by loose core or overheated temperature. The stator winding 

fault may be caused by turn to turn short circuit and 

insulation crack. There are two kinds of rotor problems: 

support problem and unbalance problem. Bearing fault 

includes vibration, high temperature and electrified. To 

improve the accuracy of fault diagnosis, set the fault 

information list of motor body as shown in Table 2. 

The fault of power controller mainly occurs in the 

cooling process, power conversion unit and control module. 

The main causes of cooling failure are water pump problem 

and water circuit problem. The fault of the inverter includes 

the fault of the filter energy storage unit, the fault of the high 

voltage power on unit and the fault of the inverter circuit. 

The abnormality of control unit mainly includes additional 

power supply failure and sensor unit failure. The specific 

fault information is classified as shown in Table 3. 

 
Table 2. List of hybrid vehicle motor fault information 

Fault location Specific failure causes 

Stator failure 

Stator core 
Loose core 

Local overheating 

stator winding 
Turn to turn short circuit 

Insulation crack 

Rotor failure 
Bracket cracking 
out-off-balance 

Bearing failure 

Vibration 

Over temperature 
Charged 

Table 3. Fault information list of hybrid vehicle power controller 

Fault 

No 
Fault type Fault performance 

1 Cooling failure 
Water pump failure 
Waterway failure 

2 
Inverter unit 

failure 

Filter energy storage unit 

failure 
High voltage power on unit 

failure 

Inverter circuit fault 

3 Control unit fault 
Auxiliary power failure 

Sensor unit failure 

Through the above information list, the dynamic 

performance fault knowledge base is established and used 

to diagnose the vehicle dynamic performance fault. In 

addition to the above diagnosis information, the fault 

diagnosis problem is converted to the deviation of vehicle 

power state or variable characteristics within the normal 

range. Therefore, the failure of dynamic performance may 

lead to the degradation of system performance and failure. 

According to the time characteristics, faults can be divided 

into sudden faults, gradual faults and intermittent faults. The 

sudden fault mainly occurs suddenly and permanently 

(similar to step signal), which can be understood as the 

deviation of system signal; when the gradual fault occurs, 

its value starts from zero and occurs slowly at a certain 

speed; the intermittent fault mainly occurs when it occurs 

and disappears when it occurs, and its fault amplitude also 

changes constantly, increasing the above setting to In order 

to improve the reliability of vehicle power performance 

diagnosis, fault diagnosis knowledge base is used. 

2.3. Realization of hybrid vehicle power performance fault 

alarm 

Using the above design content, the fault diagnosis of 

hybrid vehicle's power performance is completed. On this 

basis, the fault warning of hybrid vehicle's power 

performance is realized. 

The fault information of the vehicle is integrated into 

computer language, and the fault information is sent to the 

mobile information receiving terminal of the vehicle owner 

through the vehicle communication interface, and the alarm 

sound effect is sent out by the sound inside the vehicle. 

After analyzing some functions of fault alarm, the products 

of gntop company, the intelligent hardware supplier of 

vehicle network, are finally selected [15, 16]. The main 

control chip of the product is ELM327, which supports all 

communication protocols. In addition, there is a Bluetooth 

module, which supports Bluetooth 3.0 and has stable 

performance. The fault alarm implementation flow is shown 

in Figure 3. 
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Figure 3. Realization process of fault alarm 

Analysis of the above figure shows that the 

communication interface communicates with the vehicle 

internal ECU (Electronic control unit) through the 

Bluetooth 3.0 module and sends the acquired vehicle 

internal data to the Bluetooth module of the Android mobile 

phone client. The diagnosis seat is inserted under the 

dashboard on the driver's side of the cab, which is the 

connector for communication between the automobile ECU 

and the Android smartphone terminal diagnosis program. 

The diagnosis base receives the command from the mobile 

phone through the embedded Bluetooth module, sends the 

command to the vehicle ECU to request the corresponding 

data after self-analysis, then receives the data and fault 

information returned by the vehicle, and then sends the 

software to the mobile phone client through Bluetooth to 

realize the fault alarm. 

In addition to the above design, Android client design is 

the most important part of the system. According to the 

system demand analysis, the main function modules of the 

client include user management, fault diagnosis, map 

service, intelligent early warning, value-added service, 

system setting, automatic upgrade, etc. In order to realize 

these functional modules, the client architecture is analyzed. 

The client can collect vehicle driving information, including 

vehicle speed, rotating speed, battery voltage, engine 

coolant temperature, power performance fault code, vehicle 

position, etc., and can also play the role of driving record. 

The diagnostic program automatically adapts and selects the 

communication protocol, which is saved as the default 

configuration after correct initialization. The program will 

automatically identify the power performance diagnostic 

base and establish the Bluetooth serial port connection. The 

user can choose the sensor data to be monitored by himself. 

After the original data is returned, it will be displayed to the 

user through the analysis of the diagnostic program and 

saved to the local storage. The program will package GPS 

position information, power performance fault diagnosis 

information, owner information, etc. and send them to the 

server through the network. Client architecture design is 

mainly to complete the purpose of layered design software 

modules. Firstly, the module level is designed, and then the 

modules are designed in detail. From the bottom up, the 

client app can be divided into four layers: system hardware 

layer, middleware layer, software function layer and 

software UI (user interface) layer. Set the contents of 

vehicle fault alarm information table as shown in Table 4. 

Table 4. Alarm information 

Describe Field Data type Remarks 

Vehicle number carId Bigint Primary 

key 

license plate 

number 

carCode varChar(3 0) Not null 

Vehicle color carColor varChar(3 0) Not null 

Vehicle type carCype varChar(3 0) Not null 

4S shop name shame varChar(3 0) Not null 

4S shop phone sPhone varChar(3 0) Not null 

Fault code troubleId Bigmt Primary 

key 

Fault number troubelCode Int Not null 

Fault type trouble varChar(30) Not null 

Alarm number alarmId Bigint Primary 

key 

Alarm time alarmTime DataTime Not null 

In the hybrid electric vehicle power performance fault 

alarm, Android system is introduced to complete the 

reading of vehicle operation parameters, vehicle location 

information, vehicle information, fault information, etc., 

and then Android Bluetooth technology is used to build a 

short-range wireless communication mode inside the 

vehicle, which is transmitted to the software platform of 

Android terminal, and at the same time, GPS global 

positioning technology is used to obtain the real-time 

position of the vehicle. Finally, through the communication 

technology, the owner information, vehicle information and 

vehicle fault information are sent to the remote service 
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center, so as to realize the real-time alarm of vehicle power 

performance fault. So far, the design of fault alarm method 

of hybrid electric vehicle power performance based on 

hydraulic technology has been completed. 

3. Method application test 

In order to prove the feasibility and accuracy of the fault 

alarm method based on hydraulic technology, the 

experiment is carried out. In this test, the methods of 

literature [6] and literature [7] will be used to compare and 

test with the design methods in the paper, so as to verify the 

feasibility of the design methods in the paper. 

3.1. Test environment 

In order to ensure the authenticity and effectiveness of 

this test, the test object is Toyota hybrid vehicle. The 

specific components are as shown in Figure 4. 

 

(a) Hybrid vehicle 

 

(b) Test motor 

 

(c) Test accumulator 

Figure 4. Physical diagram of test hybrid vehicle powertrain 

In the test process, in order to control the uniformity of 

its variables, the above test sample model and manufacturer 

are set, and the specific design results are as shown in Table 

5. 
Table 5. Components and parameters of test object 

Component 

manufacturer 

model 

Component 

manufacturer model 

Component 

manufacturer 

model 

Variable hydraulic 

pump/motor 

Guizhou Liyuan Co., 

Ltd 
GY-A4V40 

Bladder type 

hydraulic 

accumulator 

Fenghua Chaori 

Hydraulic Co., Ltd 

NXQL16/200-

A 

Constant pressure 

variable axial 

piston pump 

Beijing Metallurgical 

Hydraulic Machinery 

Factory 

TZB63H-F-R 

Oil source drive 

motor 

Dalian electric 

machinery factory 
JO2-82-4 

Through the above parameters, the test samples in this 

test are composed, and the design method, literature [6] 

method and literature [7] method are used to compare, so as 

to test the application effect of the design method in the 

paper. 

3.2. Analysis of test results 

1. Accuracy rate of fault diagnosis 

The accuracy rate of fault diagnosis is the basis of the 

power performance fault alarm of hybrid electric vehicle. 

Therefore, the accuracy rate of fault diagnosis of different 

research methods is compared, and the results are shown in 

Figure 5. 

It can be seen from the comprehensive comparison of the 

three methods that the accuracy of fault diagnosis of the 

research method is always between 88.5% and 94.5, which 

is far higher than the experimental comparison method, 

which shows that the method can realize the accurate 

diagnosis of the hybrid vehicle power performance fault. 

2. Troubleshooting time 

The fault diagnosis time is the main factor affecting the 

fault alarm efficiency of the hybrid electric vehicle power 

performance. Therefore, the fault diagnosis time of different 

methods is compared, and the results are shown in Figure 6. 

It can be seen from the analysis of Figure 6 that the fault 

diagnosis time of literature [6] method is between 0.7 s-7.0 

s, and the fault diagnosis time of literature [7] method is also 

between 0.7 s-7.0 s. The change of the fault diagnosis time 

curve of the two methods is large, which shows that the 

performance of the two methods is not stable. Compared 

with the two methods, the fault diagnosis time of the 

proposed method is less than 0.5 s, which shows that the 

method can be realized for the rapid diagnosis of hybrid 

vehicle power performance fault. 

3. Effective failure alarm rate 

Effective fault alarm rate refers to the probability of 

early warning for these fault information after obtaining the 

fault location information. The comparison results are 

shown in Figure 7.
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(b) Literature [7] method 
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(c) Proposed method 

Figure 5. Test of fault diagnosis accuracy of different methods 
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Figure 6 Fault diagnosis time test of different methods 
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Figure 7. Effective failure alarm rate 

From Figure 7, it can be seen from the test results of the 

above formula that there are certain differences between the 

proposed method and the other two methods in terms of 

effective fault alarm rate. The highest effective failure alarm 

rate of literature [6] method is 94.7%, the highest effective 

failure alarm rate of literature [7] method is 96.2%, the 

highest effective failure alarm rate of research method is 

99.8%, and the effective failure alarm rate is always higher 

than that of literature comparison method, which shows that 

the performance of this method is optimal. 

4. Cost comparison 

Cost is a comprehensive indicator to verify the 

application performance of the method in this paper. 

Therefore, compare the cost changes of hybrid vehicles 

before and after the method in this paper, and the results are 

shown in Figure 8. 
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Figure 8. Cost change test 

It can be seen from the analysis figure that the driving 

cost of hybrid electric vehicle decreases after adopting the 

method in this paper, which shows that the economic 

performance of this method is superior. 

4. Conclusions 

The research of fault alarm is an important part of the 

development process of hybrid electric vehicle. How to use 

more effective methods to improve the accuracy, reliability 

and adaptability of the fault diagnosis of hybrid electric 

vehicle is an important topic in the research. In this paper, 

the theory and method of hydraulic technology are used to 

deeply mine the fault diagnosis and alarm methods of 

vehicle. The research data at home and abroad show that 

there are many researches on the fault diagnosis of the drive 

system of the hybrid electric vehicle, but the key is to find 

out the fault diagnosis method suitable for the system 

according to the characteristics of the hybrid electric 
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vehicle, and it is difficult to consider the practicability and 

feasibility of the design method. In this paper, the 

characteristics of the electric system of electric vehicles are 

studied and the advantages and disadvantages of various 

fault diagnosis methods are compared. A fault alarm 

method based on hydraulic technology for the power 

performance of hybrid electric vehicles is proposed. The 

experimental results show that compared with the 

traditional method, this method has the advantages of high 

accuracy, short diagnosis time, high effective alarm rate, 

low cost, superior economic performance and good 

application effect. Due to the limited time and level, there 

are still some shortcomings in this method, which should be 

improved in future research. 
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Abstract 

Due to the particularity of the aluminum alloy equipment material, it is extremely susceptible to mold corrosion and 

corrosion in the case of external environmental pollution, affecting the performance of the equipment. Taking the aluminum 

alloy equipment contaminated by mold as the research object, the control model of mold contamination was constructed under 

different ultraviolet irradiation intensity. This includes separating and purifying from corrosion samples of aluminum alloy, 

and obtaining test culture strains, measuring the change of pH value in the corrosion medium, and then studying the growth 

characteristics of Aspergillus niger in pure Chagas medium. Through electrochemical testing and surface morphology analysis, 

the growth and corrosion behavior of mold on the surface of aluminum alloy were studied. It is essential to change the irradiation 

intensity and irradiation time of ultraviolet ray to study its control effect on aluminum alloy mold corrosion. The experimental 

results show that the sterilization effect is the most effective and economical when the UV intensity is 84000 μW/cm2 and the 

irradiation time is 30 min. 
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1. Introduction 

Due to its high strength and low density, aluminum 

alloys are widely used in fields with strict quality and 

strength requirements, such as aviation, aerospace, and 

navigation. As a newly developed road traffic operation 

tool, high-speed rail often uses lightweight and high-

strength 7-series aluminum alloy as the supporting material 

due to its high speed. As the high-speed railway technology 

continues to mature, the convenience of China's high-speed 

rail has envied the world and has developed into the first of 

China's “four new inventions”. Since the Industrial 

Revolution, the endothermic greenhouse gases and highly 

polluted gases such as carbon dioxide emitted by humans 

into the atmosphere have increased year by year, and the 

greenhouse effect and pollution of the atmosphere have also 

increased. Due to the significant differences in the global 

climate and environment, factors such as rain and sand 

during operation cause severe corrosion of key parts of the 

train, which seriously affects the safety and service life of 

high-speed trains [1]. Especially in recent years, the degree 

of global air pollution has been increasing, and the CO2 

content in the high-altitude atmosphere has increased 

significantly, which also provides sufficient favorable 

conditions for the growth and reproduction of mold spores, 

such as nitrogen and carbon sources [2]. As mold spores 

continue to grow and reproduce on the surface of aluminum 

alloy equipment, it will gradually cause different degrees of 

pollution and corrosion on the metal surface. For a long 

time, it will reduce the mechanical strength and service life 

of aluminum alloy equipment. Aluminum alloy equipment 

is inevitably exposed to the atmosphere during the 

operation, so the surface of the aluminum alloy equipment 

must be effectively protected to reduce the changes in the 

mechanical properties of the aluminum alloy equipment 

caused by mold contamination. 

Ultraviolet is a general term for electromagnetic waves 

with a wavelength of 0.01 to 0.40 microns. According to the 

size of the wavelength, it can be divided into three bands: 

UVC also known as short-wave sterilization ultraviolet (100 

to 280 nanometers), UVB also known as medium wave 

erythema effect ultraviolet (280 to 315 nanometers) and 

UVA also known as long-wave black spot effect ultraviolet 

(315 to 400 nanometers). Energy-saving lamps and 

fluorescent lamps have the same light emitting principle, 

and the spectrum is generated by the excitation of mercury 

atoms. Low-pressure mercury lamps mainly produce two 

kinds of ultraviolet rays with wavelengths of 254 nm and 

185 nm, which can be used for air disinfection, sterilization, 

drinking water disinfection and photochemical reactions. 

The ultraviolet sterilization lamp is the same as the 

fluorescent lamp in construction, accessories, and wiring 

methods. The only difference is the construction material of 

the tube wall. The lamp material used in the ordinary lamp 

tube is ordinary glass. It is difficult for ultraviolet light to 

pass through. Phosphor powder emits visible light after 

absorption; most of the ultraviolet sterilization lamp wall 

uses quartz glass [3]. The principle of ultraviolet ray 
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sterilization is mainly to destroy the nucleic acid substance 

of the mold, causing it to fail to reproduce, destroying its 

protein structure, causing its functional metabolism to 

malfunction, and thus unable to carry out normal 

metabolism and causing the death of the mold. Because the 

effective structure of mycotoxins is protein, ultraviolet light 

can also cause the functional structure of mycotoxins to be 

destroyed, thus achieving the purpose of eliminating 

toxicity. 

Ultraviolet rays are widely used in medicine as a new 

type of disinfection and sterilization method, and the results 

of research at home and abroad show that ultraviolet rays 

can be widely used in urban tap water disinfection. There 

are also experiments to verify that ultraviolet rays have a 

certain killing effect on fungi. In practical applications, the 

sterilization effect of ultraviolet rays mainly depends on the 

irradiation intensity. The irradiation intensity represents the 

amount of energy contained in ultraviolet rays, so the 

irradiation intensity can directly affect the sterilization 

effect of ultraviolet rays. The main reasons that affect the 

intensity of ultraviolet radiation are the following, such as 

the choice of lamp, if the quartz tube is not qualified, it is 

difficult to achieve a specific intensity, and the resistance of 

the ballast itself can also affect the intensity of irradiation 

[4]. Secondly, the ultraviolet sterilization effect is also 

affected by the irradiation distance. The irradiation effect of 

the ultraviolet lamp is directly related to the distance 

between the irradiated object and the ultraviolet lamp. The 

farther away from the ultraviolet lamp, the lower the 

irradiation intensity, and the closer the distance, the higher 

the irradiation intensity. And the most important point that 

affects the ultraviolet sterilization effect is the irradiation 

time. The length of the irradiation time will also have a huge 

impact on the irradiation effect. Finally, the influence of the 

irradiation environment, the temperature and environmental 

factors have a great impact on the irradiation effect. 

Generally, the lower the irradiation temperature is, the 

worse the sterilization effect of ultraviolet irradiation is. 

Increasing the irradiation temperature will improve the 

irradiation effect. According to the data of UV sterilization 

research, use UV to remove the mycotoxins from the 

aluminum alloy equipment, which provides a theoretical 

basis for the control of mold pollution in the aluminum alloy 

equipment. 

2. Factors affecting mould contamination of aluminum 

alloy equipment 

Environmental pollution is one of the important reasons 

that cause aluminum alloy equipment to be susceptible to 

mold corrosion. The discharge of the three wastes from 

industrial enterprises leads to the problems of high carbon 

emissions and pollution of river water bodies, which 

significantly increases the content of carbon dioxide and 

other acidic substances in the atmospheric cycle, and 

provides sufficient conditions for the growth and 

reproduction of mold [5]. Lightweight aluminum alloy 

equipment itself has poor corrosion resistance. The presence 

of microorganisms on the metal surface is usually not 

valued by the crew inspection personnel. Mold 

contamination and corrosion are subtly affecting the 

strength, life and mechanical properties of aluminum alloy 

equipment. Before conducting relevant mold pollution 

control experiments, it is necessary to analyze the influence 

of various external environmental factors on the formation 

of mold corrosion of aluminum alloy equipment, which 

helps to ensure the objectivity and authenticity of the 

subsequent research results. Factors such as atmospheric 

pollution, corrosion of aqueous solutions, various types of 

organic media, ambient temperature, and stress on the metal 

equipment itself will have an important impact on the mold 

contamination behavior of aluminum alloy equipment. See 

Figure 1 below:

Mould contamination of 

aluminium alloy 

equipment

Aqueous solution

Atmospheric 

environment
Stress

Organic medium The temperature

 

Figure 1. Various environmental factors affecting mold contamination of aluminum alloy equipment  
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O2 in the atmosphere will not have a beneficial effect on 

the mold corrosion of aluminum alloy equipment, but with 

the increase of air pollution, the content of CO2 and other 

acidic substances and nitrogen oxides in the air increase, 

which is the mold spores attached to the metal equipment 

providing a favorable food source and an appropriate living 

environment. In a relatively humid atmospheric 

environment, the acidic substances produced by the 

combination of CO2 and nitrogen oxides with water will 

also cause certain corrosion effects on aluminum alloy 

equipment [6]. Some aluminum alloy equipment or 

depressions will contain some acidic substances, chlorides 

and fluorides, which will not only cause a certain degree of 

corrosion to the aluminum alloy equipment itself, but the 

volatilization of organic matter will also cause pollution and 

corrosion to other aluminum alloy equipment. Aluminum 

alloy equipment that has been corroded and contaminated 

by chemical substances is more susceptible to microbial 

attack, accelerating the rate of damage to the surface coating 

of aluminum alloy equipment. Lipid carbon oxides in the 

atmosphere and in the equipment are prone to form acidic 

hydrolysates, which are strongly polluting and corrosive. 

These materials provide convenient conditions for the 

survival and reproduction of mold spores, and constitute 

double pollution for aluminum alloy equipment. And 

destruction, long-term reduction of the mechanical strength 

and mechanical properties of aluminum alloy equipment 

[7]. The temperature change of the outside of the aluminum 

alloy equipment and the ambient temperature and the 

atmospheric stress are also one of the important causes of 

mold contamination and corrosion on the surface of the 

aluminum alloy. The temperature change of the aluminum 

alloy equipment before and after the work is large, and the 

severe temperature difference will make the surface of the 

aluminum alloy equipment. The organizational structure of 

the aluminum alloy has changed, and the mold attached to 

the surface of the aluminum alloy equipment will use this 

structural change to accelerate the pollution and erosion of 

the aluminum alloy equipment surface. The results of 

surface corrosion morphology and elemental analysis of 

aluminum alloy equipment are shown in Figure 2. 

There are many kinds of molds, and the growth and 

reproduction are rapid. They can promote their own growth 

by degrading various organic substances. The organic acids 

in the metabolites can cause a certain degree of damage to 

metals, non-metals, and coatings. A large number of reports 

show that molds have been detected in the corrosion 

products of carbon fiber metal materials used in outer space, 

aircraft fuel tanks, and aluminum alloy materials for ships, 

and mold corrosion has become one of the major safety 

hazards in the engineering field [8]. In order to provide 

theoretical support and technical guidance to engineering 

safety, it is of great significance to systematically study the 

mold corrosion mechanism and protection technology. 

3. Materials and methods 

As the research methods and mechanisms of microbial 

corrosion have matured and formed a system, the problem 

of mold corrosion has gradually become more prominent. 

The current evaluation methods for mold corrosion mainly 

investigate the tolerance of aluminum alloy materials to 

mold in the mold environment by simulating the mold 

growth environment. According to the different materials 

and equipment use environment, the commonly used test 

standards in China are military equipment environment, 

military communication equipment environment, civil 

aircraft loading environment, ship electronic equipment 

environment and electrical and electronic product 

environment. The damage caused by molds to materials is 

divided into two situations, directly eroding the material and 

decomposing the material as their own nutrients, resulting 

in the deterioration of the physical properties of the material 

and direct or indirect corrosion and degradation of the 

bottom layer and surrounding materials through their own 

metabolism. For electronic devices, they can also be used in 

components and the formation of a biological bridge 

between them can cause circuit failure [9, 10]. 

Comprehensive mold testing standards for multiple 

environments, the impact of mold on materials is divided 

into five levels, as shown in Table 1: 

Table 1. Classification of the degree of mold influence 

Degree of mold Coverage area Level Mold growth 

Not moldy 0 1 No mold 

Trace mold 1~10% 2 
Scattered and rare 

mould on the surface 

Mildly moldy 11-30% 3 

Mycelium distribution 

on the surface, not 
covered with culture 

medium 

Mildewed 

medium 
31-70% 4 

There are a lot of 

mould on the surface, 

and the properties of 
the material change 

Serious mildew 71-100% 5 

Mould grows on the 

surface with a certain 

thickness and the 

material deteriorates 
rapidly 

 
Figure 2. Corrosion morphology and element analysis of aluminum alloy equipment surface 
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In the mold test, in order to simulate the mold growth 

environment, the mold species were directly inoculated on 

the sample, hung in the mold experiment box, and cultivated 

for at least 14h to detect changes in the material structure 

and performance. In the determination of mold 

environmental test results, the naked eye and magnifying 

glass are often used to observe the growth of mold and the 

macroscopic changes of materials [11-13]. In laboratory 

research, the method of mold corrosion research is similar 

to that of bacterial corrosion. The corrosion mechanism is 

analyzed by surface morphology analysis and 

electrochemical testing technology. 

3.1. Experimental materials 

3.1.1. Experimental reagents and drugs 

The main drugs used are shown in the Table 2: 
Table 2. Experimental drugs and reagents 

Drug name Purity Manufacturer 

Sodium chloride AR 
Sino pharm Chemical 

Reagent Co., Ltd 

Potassium chloride AR 
Sino pharm Chemical 

Reagent Co., Ltd 

Dipotassium 
phosphate 

AR 
Sino pharm Chemical 
Reagent Co., Ltd 

Sodium nitrate AR 
Sino pharm Chemical 

Reagent Co., Ltd 

Magnesium sulfate AR 
Sino pharm Chemical 

Reagent Co., Ltd 

Sucrose AR 
Sino pharm Chemical 
Reagent Co., Ltd 

Agar AR 
Beijing aoboxing 

Biotechnology Co., Ltd 

Epoxy resin AR 
Feicheng Deyuan Chemical 

Co., Ltd 

Absolute ethanol AR 
Sino pharm Chemical 
Reagent Co., Ltd 

Acetone AR 
Sino pharm Chemical 

Reagent Co., Ltd 

Glutaraldehyde 25% 

solution 
AR 

Tianjin kemio Chemical 

Reagent Co., Ltd 

Pickling solution - 
Wuhan huakete New 
Technology Co., Ltd 

Caustic lotion - 
Wuhan huakete New 
Technology Co., Ltd 

3.1.2. Laboratory equipment 

The main instruments and equipment used in this 

experiment are shown in Table 3: 

Table 3. Experimental instruments 

Equipment name Model Manufacturer 

Electrochemical 
workstation 

CS350 
Wuhan Kesite Instrument Co., 
Ltd 

Electronic balance BS224S Sartorius, sartorius, Germany 

Electronic analytical 
balance 

AL 104 
Mettler-
Toledoinstr(shanghai)Ltd 

pH meter PHS-3C 
Shanghai Precision Scientific 

Instrument Co., Ltd 

Portable pressure 

steam sterilizer 
CMSX-280 

Beijing Yongguang medical 

instrument factory 

Constant 
temperature and 

water-proof 

incubator 

GH4500 
Tianjin taist Instrument Co., 

Ltd 

Ultraviolet lamp 

Philips 

TUV 64 T5 

HO 4P-
SEA 

- 

 

Ultraviolet irradiation device: three 30W ultraviolet 

sterilization lamps are hung on the upper part of the 

ultraviolet sterilization chamber, the wavelength is 254 nm, 

and the ultraviolet irradiation intensity at 20 cm below the 

lamp tube is 5mW/cm2 [14]. The inside of the sterilization 

chamber is covered with aluminum foil to reflect ultraviolet 

rays and prevent energy from leaking out of the chamber. 

Before UV irradiation, the UV lamp is preheated for 30 min 

to ensure the stability of the irradiation. When the UV 

illuminance meter (calibrated at 254 nm) is placed at the 

target position, the UV irradiation intensity can be measured 

there, and the UV irradiation dose can be changed by 

changing the irradiation time. 

3.1.3. Experimental materials and experimental equipment 

The material used in this experiment is made of 7075 

aluminum alloy sheets. The mass fraction of each 

component is: Si: 0.4%, Fe: 0.5%, Cu: 1.2-2.0%, Mn: 0.3%; 

Mg: 2.1-2.9 %; Cr: 0.18-0.28%; Zn5.1-6.1%; Ti: 0.2%; Al: 

balance. Electrochemical test electrodes and morphological 

characterization samples are all cut with a size of 

10mm×10mm×3mm. The electrode is soldered to the 

copper wire by soldering. The electrode and the test piece 

are encapsulated with black epoxy resin. The working 

surface size 10 mm×10 mm, all electrodes and test pieces 

are polished with 180, 600, and 1200 mesh sandpaper before 

use, washed with water and absolute ethanol and dried, then 

stored in a desiccator. Use absolute ethanol and acetone 

cotton balls when using wipe to remove oil and impurities 

on the surface [15, 16]. The experiment uses micro-arc 

oxidation test pieces for the samples with an oxide layer 

thickness of 20 μm and 60 μm. Similarly, the copper wire is 

welded, and the black epoxy package is used to retain a 

working surface. High temperature steam sterilization 

before the experiment to prevent the introduction of other 

bacteria Species of bacteria or fungi. 

The main strain that causes mildew in aluminum alloy 

equipment is Aspergillus niger. According to the literature, 

when the irradiation intensity is 350 μW/cm2 and the 

irradiation time reaches 30 minutes, the killing rate of 

Aspergillus niger strain can reach 97%. The irradiation 

distance is 1.5 m, because the device should be applied on 

the conveyor belt, and the conveyor speed is 0.2 m/s. 

According to the calculation, the irradiation time needs to 

be 7.5 seconds. According to the irradiation effect, the 

irradiation intensity is multiplied by the irradiation 

intensity. It is known from time that the required irradiation 

intensity is 84000 μW/cm2. Ultraviolet lamps with such 

high irradiation intensity are relatively rare and the cost of 

use is high, so alternative measures are needed. According 

to an article published in the Chinese Journal of Disinfection 

[17, 18], the ultraviolet sterilization intensity has the 

following relationship with distance: 

1.828

97.72
E

L
                                                            (1) 

In the above formula, E  is ultraviolet intensity, L  is 

the distance from the ultraviolet lamp. This formula is 

derived under the irradiation condition of an ultraviolet 

lamp with a power of 30 W and a standard irradiation 

intensity of 100 μW/cm2. If the UV lamp is hung at a 

distance of 10 cm from the sample, the irradiation intensity 

is about 6515 μW/cm2. If the power is changed to 150 W for 

standard UV lamps with a radiation intensity of 440 

μW/cm2, the illumination intensity at 10 cm should be 

approximately 28665 μW/cm2. At this time, if three lamps 
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are used for simultaneous illumination, the 84000 μW/cm2 

radiation intensity required for the calculation can be met. 

The designed irradiation device is shown in Figure 3: 

The transmission speed of a general conveyor belt is 0.2 

m/s, and the distance of 7.5 seconds for a simulated 

conveyor belt transmission is 1.5 m. The above irradiation 

device is set, and cardboard is arranged around it to isolate 

ultraviolet rays. The main material used for the irradiation 

device is a thin plastic plate, and then use wide tape to make 

a hard box with a length of 150 cm, a width of 100 cm, and 

a height of 12 cm, and then install an ultraviolet lamp. The 

three lamps are distributed according to one lamp every 25 

cm, the installation position of the lamp is at the position of 

10, so that the designed purpose can be achieved. 

3.2. Fabrication and identification of mold medium 

3.2.1. Making medium 

The mold medium used in the experiment was Cha's 

medium. The medium composition was: NaNO3 content 3 

g/L, KCl content 0.5 g/L, MgSO4·7H2O content 0.5 g/L, 

K2HPO4 content 1 g/L, FeSO4 content It is 0.01 g/L, sucrose 

content is 30 g/L, and agar content is 20 g/L. The medium 

used in each experiment is now used. The prepared culture 

medium, culture dish, ten 10 mL colorimetric tubes and 150 

mL distilled water are sterilized under high temperature and 

high pressure. The process is as follows: open the 

sterilization pot, adjust the voltage to 225 V, wait for the 

water in the pot to boil and close the air valve until the 

pressure in the pot reaches 1.5 MPa, the temperature is 

120C, adjust the voltage to 115 V, keep the temperature in 

the pot between 121C-126C for 15 to 20 min, then cut off 

the power supply and wait for the pot to boil When the 

internal pressure drops to 0 MPa, open the air valve, wait 

until the temperature drops to room temperature, and then 

place the reagent on the sterilization test bench. Take 30 mL 

of sterilized culture medium and pour it into the culture dish 

respectively, place it under the ultraviolet lamp for cooling, 

dilute the spore content of the bacteria with distilled water 

to 106/mL, inoculate it into the culture dish with agar culture 

medium, place it in the 28C incubator for culture, and use 

it after 2 h. 

There are two kinds of test media used in this 

experiment, one is pure agar-free medium without adding 

bacteria, and the other is agar-free medium inoculated with 

bacteria at a volume ratio of 2%. Take a small piece of 

bacteria on the petri dish after dilution, dilute it with 

distilled water to a spore content of 106/mL and inoculate it 

into the test medium. All glassware used is sterilized by the 

above method. The electrodes and salt bridges used are 

sterilized under an ultraviolet lamp for 30 minutes before 

use, and the laboratory operation room is sterilized with an 

ultraviolet sterilization lamp for 30 minutes before use. 

3.2.2. Mold identification 

The Aspergillus niger used in this experiment was taken 

from moldy food, and the corrosion samples of aluminum 

alloy were continuously separated and purified in the 

medium until a single mold colony appeared in the medium, 

as shown in Figure 4.

quartz 

burner
quartz 

burner

quartz 

burner

25cm 25cm 25cm 25cm

10cm

150cm

 
Figure 3. UV irradiation device. 

 
Figure 4. The isolated and purified mold colonies. 
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Fig. 4 (a) is the mold colony on the solid medium, and 

Fig. 4 (b) is the mold pellet formed by shaking culture in the 

liquid medium, and the PCR method was used to identify 

Aspergillus niger. Inoculate a single colony of Aspergillus 

niger onto the liquid culture medium and place it on a shaker 

for shaking culture. The temperature in the shaker is 30°C 

and the rotation speed is 150-180 r/min. After shaking 

culture for 2 h, due to the uniform winding of Aspergillus 

niger, the shape of the colony of Aspergillus niger in the 

liquid culture medium is crystal clear and spherical. Filter 

with double-layer filter paper. After the pellets of 

Aspergillus niger are slightly dry, store them in -20°C in the 

refrigerator. The pre-processing steps before doing PCR are 

as follows: 

1. Grind the pellets of Aspergillus niger frozen at -20°C in 

liquid nitrogen to a fine powder, divide the powdered 

Aspergillus niger into 1.5 m1 centrifuge tubes, 100 mg 

per tube, add 0.6 mL DNA extract Draw buffer, water 

bath at 65C for 30-35 min. 

2. Place the centrifuge tube in a centrifuge at 12000 r/min 

at 4°C for 10 minutes, take the supernatant and transfer 

to a new 1.5 m1 centrifuge tube. 

3. Add an equal volume of extract (phenol: chloroform: 

isoamyl alcohol=25: 24: 1) to the supernatant in the 

centrifuge tube and invert gently 5-7 times. 

4. Add 1/10 volume of 3 mol/L sodium acetate solution and 

0.6 times volume of isopropanol, gently invert 5-7 times, 

and let stand at -20C for 30 min. 

5. Centrifuge at 12000 r/min for 5 min at 4°C. Discard the 

supernatant and add 200 gL of TE buffer to dissolve the 

precipitate. TE buffer is mainly used to dissolve nucleic 

acids and store DNA and RNA stably. 

6. Add 1 μL of ribonuclease (RNase A), RNase A can 

hydrolyze RNA, but it has no effect on DNA. Able to get 

DNA sequence. Compared with the standard gene 

library, the mold used in this experiment was 

Aspergillus niger. 

3.3. Electrochemical test 

The electrochemical test was carried out in pure agar 

medium. In this experiment, a three-electrode system was 

used, with 7075 aluminum alloy as the working electrode, a 

saturated calomel electrode as the reference electrode, and 

a platinum electrode as the counter electrode. The CS350 

electrochemical workstation was used for open circuit 

potential. Electrochemical impedance and polarization 

curve test. 

Because mold is an oxygen-consuming microorganism, 

in the liquid environment, it will grow on the surface of the 

liquid. When assembling the test device, place the electrode 

working surface close to the liquid surface. The open circuit 

potential (Open Circuit Potential, OCP) each test time is 

15min, record the relationship between the potential of the 

working electrode and the reference electrode with time. 

Electrochemical impedance (Electrochemical 

impedance spectroscopy, EIS) is a very important method 

in corrosion testing. During the detection, a small amplitude 

sinusoidal potential current is applied, which is basically 

non-destructive to the corrosion product film and the 

surface of the material. According to the impedance 

diagram, some dynamics of corrosion can be obtained 

Parameters, and be able to reason about corrosion dynamics 

and establish a reasonable equivalent circuit diagram. In this 

experiment, a 10 mV AC disturbance voltage was applied 

to the working electrode, the scan frequency range was 104 

Hz-10-2 Hz, and the test was performed at room temperature. 

The physical picture is shown in Figure 5: 

Reference eletrode

The cotton plug

Biofilm

Working eletrode

Counter eletrode

A.niger

Metabolites,coeeosion 

products,spores and 

dead mycelia

 

Figure 5. Electrochemical device diagram. 

In the above figure, Fig. 5 (a) is a simulation figure, Fig. 

5 (b) is a device without mold, and Fig. 5 (c) is a device with 

mold added. All the electrochemical tests in this experiment 

were carried out at Coster Electrochemical Workstation 

(CS350). The open circuit potential is the self-corrosion 

potential, which can reflect the change of the corrosion state 

of the material surface. In the study of microbial corrosion, 

the formation, destruction or shedding of biofilms can be 

preliminarily judged based on the change in open circuit 

potential. However, the strength of the material corrosion 

cannot be judged solely by the change in open circuit 

potential. It can only be used as an auxiliary information. It 

should be combined with other analytical methods to 

analyze the electrochemical process of microbial corrosion. 

Electrochemical impedance (Electrochemical impedance 

spectroscopy, EIS) is a conventional electrochemical test 

method for corrosion research. Applying a small amplitude 

AC signal (10 mv) to the system during the test will not 

change the surface state of the working electrode. The same 

working electrode can be continuously monitored, and the 

corrosion can be judged according to the change in the size 

and shape of the impedance arc. Time trends. EIS is 

measured at a stable open circuit potential with a frequency 

range of 105 Hz to 10-2 Hz. The electrochemical impedance 

data was fitted using Zview2 software (Scribner Inc). 

Polarization curves (Potential dynamic polarization curves) 

are also measured at a stable open circuit potential. The 

scanning range set in this experiment is one 200 mv to 300 

mv, and the scanning speed is 0.5 mv/s. The polarization 

curve was fitted by Cview2 software (Scribner Inc). 

4. Results and discussion 

4.1. Mold growth test 

In order to improve the mechanical properties of 7075 

aluminum alloy metal materials, other added metal 

components, such as Cu, Zn, Mg, Si, etc. combine with A1 

to form an intergranular phase. During the corrosion 

process, as the metal elements are eluted, the physical and 

chemical properties of the material surface change the 

unevenness to make the material prone to corrosion. A large 

number of studies have shown that metal oxides such as 
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nano-ZnO, CuO and AgaO can affect the growth state of 

microorganisms, and are widely used in biomedical 

biomimetic materials, daily skin care products and 

antibacterial materials. Trace elements such as iron, silicon, 

zinc, copper, iodine, selenium, and manganese can affect 

the growth of microorganisms. The 7075 aluminum alloy 

selected for the experiment contains three metal ions, Cu2+, 

Zu2+, and Mg2+. Aspergillus niger is a fungal 

microorganism that metabolizes a large amount of organic 

substances containing hydroxyl, carboxyl, and amine 

groups during life cycle activities. Organic acids are 

dissolved into the medium, resulting in changes in the pH 

value of the environment. By recording the changes in the 

pH value of the medium during the test, the growth of 

Aspergillus niger in pure Cha's medium for 7 h can be 

investigated. As shown in Figure 6: 
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A.niger

8.0

3.2

 
Figure 6. PH value of the test system in 7 h. 

In the blank group, the pH value of the medium is 

basically unchanged, and is maintained at about 7.2. In the 

culture medium added with bacteria, the pH value decreased 

significantly, the rate of decrease increased after 1 h, the pH 

value was only 3.8 on the 3 h, and remained stable after a 

slight decrease on the 3.5 h, indicating that the fungus was 

in the medium and 28°C after the 1 h. It grows rapidly and 

secretes a large amount of organic acids. On the 3 h, it 

reaches a stable growth period. The growth and mortality of 

molds reach a balance, and the number of molds in the 

medium reaches the maximum. According to the change 

trend of pH value, Aspergillus niger grew in pure medium 

for 3 h and reached a stable growth period. Therefore, the 

growth morphology of the 7075 aluminum alloy surface 

after inoculated with mold for 1, 2, and 3 h is recorded in 

the form of a picture, as follows in Figure 7: 

 
Figure 7. The growth of mold on the surface of aluminum alloy. 

In the above figure, figures a and b show the growth of 

mold on the aluminum alloy surface for 1 h, figures c and d 

show the growth of mold on the aluminum alloy surface for 

2 h, and figures e and f show the growth of mold on the 

aluminum alloy surface for 3 h. As can be seen from the 

above figure, on the 1 h, the mold can be evenly distributed 

on the surface of the aluminum alloy, and there are only a 

small number of conidia on the mycelium. On the 2 h, the 

conidia of the mycelia increase significantly, and the spores 

start to multiply, and they continue to conid mycelium to 

achieve a period of rapid growth, and by the 3 h the spores 

are also basically evenly distributed on the surface of the 

aluminum alloy. The results in the figure intuitively prove 

that Aspergillus niger can grow and reproduce rapidly under 

the conditions allowed by environmental nutrition, thereby 

affecting the surface structure of the aluminum alloy 

through life activities. The microscopic appearance of 

molds growing on different hours is shown in Figure 8:

 
Figure 8. SEM image of mold on aluminum alloy surface. 
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In the above figure, a is the microscopic morphology of 

Aspergillus niger attached to the surface of the aluminum 

alloy for 1 h. There are accumulations of corrosion products 

on the surface of the aluminum alloy, which are distributed 

along the direction of mycelial growth and present a 

branched structure. Picture b is the surface microscopic 

morphology of the fungus growing for 2 h. The distribution 

of corrosion products is similar to the distribution in picture 

a, but scattered spores are distributed around the corrosion 

products. The results are the same as in the macro picture. 

To increase the growth rate. The mold grows on the surface 

of the aluminum alloy for 3 h. As shown in Figure c, the 

mycelium contains many spores distributed in it, and the 

mycelia and corrosion products intersect and accumulate on 

the surface of the aluminum alloy. 

4.2. Study on the control law of ultraviolet radiation 

intensity on mold 

Ultraviolet radiation is an effective method to control the 

corrosion of microorganisms. It can destroy the life 

activities of microorganisms or prevent the microorganisms 

from contacting with the matrix material by ultraviolet rays 

to inhibit the damage caused by the microorganisms to the 

matrix material. Ultraviolet rays can effectively inhibit the 

growth of fungi. In this section, three effective ultraviolet 

irradiation intensities will be selected for comparison. After 

30 minutes of irradiation, the application effect of 

ultraviolet rays in mold corrosion will be studied. The open 

circuit potential of aluminum alloy in the mold medium with 

three different ultraviolet irradiation intensities is shown in 

Figure 9. 

Except for the blank group that has not been irradiated 

with ultraviolet rays, the open circuit potential of other 

ultraviolet irradiation systems is relatively stable. The open 

circuit potential of the lowest ultraviolet intensity of 40,000 

μW/cm2 showed a negative trend shift with little tendency 

on the 1 h and 1.5 h, and a stable positive shift in the later 

period. It remained stable afterwards; the open circuit 

potential of 60,000 μW/cm2 did not change, and remained 

basically stable; the open circuit potential of 84000 μW/cm2 

intensity continued to rise and remained stable, indicating 

that the stability of the oxide film on the aluminum alloy 

surface after UV irradiation can be improved. Which can 

effectively protect the aluminum alloy from corrosion 

caused by mold. 

In addition, to further verify the effectiveness of using 

ultraviolet rays to remove mycotoxins in aluminum alloy 

equipment, the method in this paper and the method in 

literature [1] were used to carry out the inactivation test of 

mold spores under the same length of time. The comparison 

results are shown in Figure 10.
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Figure 9. Open circuit potential of aluminum alloy under different ultraviolet irradiation intensity. 
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(a)The results of inactivation of mold spores in this method 
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(b)The results of inactivation of mold spores under the method of literature [1] 

Figure 10. Comparison results of inactivation of mold spores 

Analyzing Figure 10(a), we can see that in the case 

where the ultraviolet irradiation intensity is 84000 μW/cm2, 

the logarithm of the spore number tends to be stable after 

about 30 minutes of irradiation. Considering energy saving 

and other aspects, it is concluded that when sterilizing 

aluminum alloy equipment under ultraviolet irradiation, the 

irradiation intensity can be selected to be 84000 μW/cm2 

and the irradiation time is 30min. The sterilization effect is 

the most effective and economical. Analysis of Figure 10(b) 

shows that the method in literature [1] has a poor 

bactericidal effect on mold spores. The logarithm of the 

number of spores stabilizes when the experimental time 

reaches 50 minutes, and its bactericidal effect is 

significantly lower than that of the method in this paper. 
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5. Conclusion 

In this paper, combined with electrochemical testing, 

surface morphology and composition analysis, the 

corrosion behavior of Aspergillus niger on the surface of 

aluminum alloy was studied, and the corrosion protection 

performance of mold on the surface of aluminum alloy 

under different ultraviolet irradiation intensity was 

explored. It is concluded that considering energy saving and 

other aspects, when sterilizing aluminum alloy equipment 

by ultraviolet irradiation, the irradiation intensity is 

84000μW/cm2 and the irradiation time is 30min. The 

sterilization effect is the most effective and economical. 
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Abstract 

Due to the large fault classification granularity of tram power system, there is still a problem that the gain coefficient is not 

reasonable in different control links, so a fault-tolerant control method of tram power system based on PLC is designed. First, 

the fault classification of the tram power system is carried out, then the fault diagnosis of the tram power system is carried out. 

Finally, the fault-tolerant control of the tram power system is carried out through the angle fault-tolerant control unit, PID 

control algorithm model and brake pull fault-tolerant control unit, as to complete the fault-tolerant control of the tram power 

system based on PLC. The experimental results show that the reasonable value of proportional gain coefficient, integral gain 

coefficient and differential gain coefficient are 30.00, 15.00 and 29.98 respectively. 
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1. Introduction 

The power system of the tram is composed of power 

battery, the first and second contactor groups, bidirectional 

DC / DC converter and motor controller. The power battery 

is isolated from the high-voltage line network through the 

controller to avoid the impact of the high-voltage line 

network current on the power battery and protect the safety 

of the power system. As for the power system of tram, in 

case of  an accident, it may cause huge losses to people, 

property, etc. The safety performance of tram power system 

determines the safety of operators and the economic 

benefits of tram. In the above background, the research of 

fault-tolerant control technology has been pushed to the 

forefront and there has been a rapid development. Fault 

tolerant control opens a new way to improve the reliability 

and safety of tram power system. 

Fault tolerant control refers to the way that the system 

can automatically compensate the fault when it occurs, and 

recover the performance of the system as soon as possible, 

and  as to ensure the stability, safety and reliability of the 

system operation. Fault tolerant control is of great 

significance for practical systems, especially for systems 

with high reliability and safety requirements, such as all 

kinds of aircrafts, underwater robots, etc. “Fault tolerance” 

is originally a concept in computer system design 

technology, which is the abbreviation of fault tolerance. The 

basic idea of fault tolerance is that a control system will fail 

sooner or later, so when designing the control system, we 

should consider how to compensate the failure once the 

control system fails, to ensure the stability and safety of the 

system. Fault tolerant control consists of two parts: fault 

diagnosis and fault compensation. Fault diagnosis refers to 

the process of using existing knowledge to comprehensively 

process and analyze the collected information according to 

the collected various state information of the diagnosed 

system, so as to obtain the comprehensive evaluation of the 

system operation and fault condition; fault compensation 

refers to the process of readjusting the parameters of the 

controller, namely software compensation or changing the 

structure of the controller, namely hardware compensation, 

after the fault occurs, so as to achieve the purpose of fault 

tolerance. 

In recent years, many researchers have put forward 

many different definitions for fault-tolerant control. 

Although the expressions are different, the essence of fault-

tolerant control is clear, that is, “when the control system 

fails, the system can still maintain its own operation in a safe 

state and meet certain performance index requirements as 

far as possible”. At present, fault-tolerant control is mainly 

aimed at the aircraft, and the reconfiguration design theory 

of control law is the main one. The fault-tolerant control of 

the power system has become mature, but due to the large 

fault classification granularity of the power system, there is 

still a problem that the gain coefficient is not reasonable in 

different control links. Therefore, this paper puts forward 

the research on the fault-tolerant control method of the 

power system of the tram based on PLC. PLC is a 

programmable logic controller, which uses a kind of 

programmable memory for its internal storage program. It 

performs logic operation, sequence control, timing, 

counting and arithmetic operation for the user's instructions, 

and controls various types of machinery or production 

processes through digital or analog inpu\t / output. 

* Corresponding author e-mail: youzhenzhen198307@163.com 
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2. Fault classification of tram power system 

Before fault-tolerant control of tram power system, fault 

classification of tram power system is required. At present, 

there are many methods for the fault classification of hybrid 

electric vehicle power system, most of which are from the 

fault analysis of a certain part of the tram. However, in order 

to better pave the way for the fault tolerance of the vehicle 

control system [1], according to the clue of the functional 

structure of the tram vehicle control system, the fault can be 

divided into three levels as shown in the following figure 

according to the concept of hierarchical system: 

organization level, coordination level and execution level. 

The top layer of the hybrid electric vehicle control system 

is the organization layer, which is the core of the vehicle 

control system. The fault-tolerant control strategy and fault-

tolerant module strategy of the tram system are embedded 

in the vehicle controller program at this level. The 

organization layer analyzes driver input signals, accelerator 

pedal signals, brake pedal signals, vehicle speed signals, 

gearbox and clutch signals, and outputs command signals of 

corresponding power sources. The coordination layer is the 

second layer of the control layer. It is a secondary control 

system composed of control units of each sub module, 

including engine, motor, battery management unit, etc. The 

bottom layer is the executive unit of the control system, 

which consists of engine, motor, clutch, reducer and other 

components. The direct fault of the vehicle comes from 

these devices. The main stratification diagram is as follows: 

According to the hierarchical structure of the above tram 

power system [2], the following layer by layer analysis 

summarizes the control system faults, mainly including 

eight aspects, as follows: 

1. First, the power box of tram power system is composed 

of power battery group and super capacitor group. When 

the power battery or super capacitor fails, the power 

supply system will fail, causing the power system of the 

tram to reduce power or stop, thus affecting the normal 

operation of the tram; 

2. Second, the failure of power battery pack, battery failure 

refers to the loss of charge and discharge capacity. The 

failure modes include too fast capacity attenuation, 

shorter service life, premature failure of one or more 

battery cells in the battery pack, falling off of active 

substances in the battery plate or partition, etc. in the 

actual work, the main performance is capacity reduction, 

internal resistance is too large, charging and discharging 

temperature is too high. The failure reasons include the 

poor conductivity of active substance [3] in the battery, 

the short circuit or open circuit in the battery, and the 

rapid temperature rise during the operation of the 

battery. In case when a large number of cells are 

combined into a battery pack, if one or more cells fail, 

the failure of the whole battery pack will be accelerated; 

3. Third, the inconsistent failure of the power battery pack; 

the inconsistency of power battery pack is reflected in 

the difference of voltage and resistance capacity of each 

cell, which is mainly caused by the difference of battery 

manufacturing process and the inconsistency of battery 

voltage caused by long-term charge and discharge of 

battery. When the capacity of the battery pack is 

inconsistent, with the frequent charging and discharging 

of the battery, the small capacity battery will not keep up 

with the pace of the large capacity battery, resulting in 

the premature damage of the small capacity battery, and 

the discharge performance and heat dissipation of the 

whole battery pack will also be reduced. Usually, the 

terminal voltage of lithium battery is measured as the 

basis of diagnosis. When inconsistent single battery is 

found, the single battery can be repaired and reused; 

when it cannot be repaired, it shall be isolated and 

replaced in time. The state changes and phenomena of 

battery performance parameters are shown in the table 

below.

Acceleration 

pedal
Brake pedal Speed

Gearbox 

signal

Clutch 
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Sender Battery Battery

Engine Torque coupling

Wheel
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Figure 1. Hierarchical diagram of tram power system control system 
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Table 1. Parameter change phenomenon and diagnosis method of 

battery damage 

Physical 

parameter 
Phenomenon Diagnosis method 

Temperature 

change 

Short-term 

temperature rises 

quickly and then 

stabilizes 

Measure battery 

temperature 

Capacity change 
Reduced battery 

capacity 

Detect changes in 

battery voltage 

and current 

Voltage change 
Abnormal closed-

circuit voltage 

Detection of 

battery cell 

voltage under high 

current charge and 

discharge 

Internal resistance 

change 

Increased internal 

resistance 

Measuring battery 

internal resistance 

4. Fourth, the damage of lithium battery. When the battery 

is overcharged and discharged for many times, the small 

damage gradually accumulates and develops into battery 

failure, and finally the battery will not be repairable; 

5. Fifth, power battery voltage and current fault [4]. The 

power battery control unit is responsible for receiving 

the current value and voltage value uploaded by the 

battery sensor in real time and judging whether the 

power battery fails through the fluctuation of these two 

values. Taking the power battery voltage as an example, 

the power battery voltage detection fault includes circuit 

break and voltage detection accuracy. In order to 

improve the accuracy of voltage detection, the power 

battery is divided into several groups. The detection 

system detects the voltage of each power battery branch 

and the total voltage of the battery. In case of voltage 

failure, the power battery will transmit the failure 

information to the control center and ask for an alarm; 

6. Sixth, the power battery temperature fault, including 

different parts of the temperature is uneven or a part of 

the temperature is too high and so on. In general, 

multiple temperature sensors are set in the power battery 

box. The control unit is responsible for collecting sensor 

signals and controlling the cooling system. If a 

temperature fault is detected, the control unit will upload 

the fault information [5] to the hybrid system control 

center to  decide either power reduction or shutdown; 

7. Seventh, the power battery in the power system of the 

tram has leakage fault. When the insulation between the 

power supply electrode and the insulation resistance is 

lower than the specified standard, the information will 

be fed back to the control center [6], and the sensor will 

judge the leakage of the power battery and make a 

decision of shutdown. 

8. Eighth, network control system failure. The network 

control system, including many sensors, actuators and 

other components, is an important part of the 

information transmission in the hybrid system, which 

plays an important role in the stable operation of the 

tram, especially if the state information feedback of the 

power box fails, it can lead to overcharge or over 

discharge of the battery [7] and super capacitor, and 

damage the power box. The main faults of the sensor are 

as follows: 

Table 2. Sensor failure 

Serial number Classification Details 

1 Classification 

according to the 
degree of failure 

Hard fault, which means that the 

sensor structure is damaged, the 
fault amplitude is large and the 

change is sudden, this type of 

fault is easier to identify 

Soft fault refers to the variation 

of sensor characteristics, the 
fault amplitude is small and the 

change is slow, this kind of fault 

is difficult to identify 

2 Classification by 

fault 

performance 

Intermittent failures, manifested 

as good or bad sensors 

Permanent failure, manifested as 

failure to return to normal after 

failure 

3 Classification by 

failure process 

Abrupt fault, large signal change 

rate 

Slowly changing faults, small 

signal change rate 

4 Classification by 

fault modeling 
Multiplicative failure 

Additive failure 

5 According to the 

breakdown 

reason 

Deviation failure 

Impact failure 

Open fault 

Drift fault 

Short circuit fault 

Periodic failure 

Non-linear dead zone fault 

3. Fault diagnosis of tram power system 

According to the above classification results of tram 

power system fault, diagnose the tram power system fault to 

improve the accuracy of fault diagnosis [8], and provide 

basis for fault-tolerant control of tram power system. In 

order to diagnose the fault of the power system of the tram, 

it is necessary to establish the tram model, use CRUISE to 

model and simulate the hybrid tram, simulate multiple 

performance indicators of the vehicle to be controlled, and 

provide the basis for optimizing fault-tolerant control. 

CRUISE software is to build the vehicle control system in a 

modular way, and the driver model can truly reflect the 

behavior of people operating the car. CRUISE has an 

interface with Matlab / Simulink, which can embed user 

designed modules and control algorithms into the vehicle 

simulation model. This study was conducted through 

CRUISE. The modules used for building the tram model 

mainly include: vehicle module, which contains the basic 

information of the vehicle, the most important information 

is the equipment quality and full load mass of the tram; FC 

module, which contains the characteristic curve of the 

engine, which is designed according to the actual tram 

parameters; motor module The motor module mainly 

includes the characteristic curve (MAP) and the efficiency 

distribution diagram of the motor. From the selection of two 

main power sources, the tram power in this simulation 

enjoys a low fuel consumption of 1.2 L; the battery module 

includes some basic characteristics of the battery. For 

example, the battery voltage value, SOC of the battery, the 

maximum charge and discharge current and voltage allowed 

by the battery, internal resistance of the battery, etc. In this 

study, the battery pack is matched with the Prius; the driver 
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module, the driver module, is an important information hub 

connecting the human and vehicle components, and 

transmits the status of the motor, engine and gearbox to 

cockpit through the bus bus bus connection unique to the 

CRUISE software. In the module, the driver module also 

sends the load signal of accelerator pedal to the vehicle 

controller module, as well as the output of brake pressure 

and temperature signals; the vehicle controller is embedded 

in the module, and the vehicle controller is introduced into 

the CRUISEsimulation model through the MATLAB API 

module, in which the MATLAB model is the logic threshold 

control strategy module designed in this study The bus bus 

connects the input and output of the API embedded module; 

the display module contains some commonly used data, 

such as vehicle speed, acceleration, driving distance, motor 

torque speed signal, engine torque speed signal, and 

temperature signal. 

According to the built tram model, the fault diagnosis of 

the tram power system is carried out. The fault diagnosis 

module in the design strategy uses the generalized observer 

to get the estimated value of the sensor fault signal, and 

transmits it to the decision-making body for analysis. In the 

case of no fault in the original system, without considering 

the influence of interference, noise [9] or unmodeled part of 

the system, the initial error of the detection filter will be 

gradually eliminated, the filter can fully track the response 

of the original system, and the output error will remain zero. 

If there is a fault in the original system at a certain time, the 

output of the filter will not be able to fully track the output 

of the system after the fault, so there is a residual. The 

expression formula of this state is as follows: 

   /q a b d o                                             (1) 

In formula (1), q  represents dimensional state variable, 

a  represents dimensional control vector, b  represents 

dimensional measurement vector, d  and o  represent 

constant respectively. 

For the actual control system, the premise of fault 

diagnosis is that the fault can be detected. Only when it is 

clear that the fault can be detected, the fault diagnosis 

process can be completed [10]. For the failure of discrete 

system, the following equation is used to describe: 

   /
f

c t x e
q

                                             (2) 

In formula (2),  c t  represents the sudden change of 

input quantity at t  time, x  represents the initial value of 

fault state, and f  represents the expandable state variable. 

For the unknown fault in the power system of the tram 
[11], the fault detection observer [12] is used to detect whether 

the power positioning tram power system has actuator fault: 

 
c

B k
y

 

 

                                           (3) 

In formula (3), B  represents the state variable of the 

detection observer, k  represents the parameter of the 

dynamic positioning controller when no fault occurs, y  is 

the output of the system, and c  represents the state variable 

estimation parameter. 

Based on the above calculation, it is detected whether 

the actuator of the tram power system has failed, but it is 

impossible to know which actuator has failed [13]. Next, 

separate the failed actuator: 

 /W F Q e                                             (4) 

In formula (4), W  represents the initial value of 

observation error, F  represents the actuator fault judgment 

parameter, and Q  represents the function of time. 

According to the above diagnosis results, the actuator 

with failure [14] can be separated. When the thrust is 

distributed, the actuator with failure [15] will not be 

distributed with force and torque, while the controller's 

force and torque will be distributed to the actuator without 

failure, which provides the basis for fault-tolerant control. 

The decision-making mechanism can isolate the system 

output affected by the fault through the control selector [16], 

and select the controller based on the health system output 

to form a feedback control loop, to maintain the stability of 

the system. 

4. Fault tolerant control of tram power system 

The fault-tolerant control method in this design is 

generally divided into three parts, namely, angle fault-

tolerant control unit [17], PID control algorithm model [18] 

and brake pull fault-tolerant control unit [19]. The overall 

framework is shown in the figure below. 

It can be seen from the above figure that in the angle 

fault-tolerant control unit, the tram power system collects 

the angle sensor and acceleration sensor signals in real time, 

inputs the detected value of the acceleration sensor into the 

estimation model to calculate the estimated value of the 

angle, and then inputs the estimated value of the angle and 

the detected value of the angle sensor into the fault-tolerant 

control model for fault diagnosis and fault compensation 

respectively, Thus, the expected braking force is calculated 

by the corresponding formula. In the fault-tolerant control 

unit of braking force, the tram power system collects the 

signal values of braking force sensor, motor speed sensor 

and current sensor in real time [20], inputs the detection 

values of motor speed sensor and current sensor into their 

respective estimation models to calculate the corresponding 

angle estimation values, and then inputs the estimated 

values of braking force and braking force sensor. The 

detection value of the controller is input into the fault-

tolerant control model, and fault diagnosis and fault 

compensation are carried out respectively, so as to output 

the actual braking force value. Compare the expected 

braking force value with the actual braking force value, 

input the difference into the PID control algorithm model to 

control the actuator, thus forming a closed-loop control [21-

23]. 

PID control algorithm design. PID control algorithm is 

the most widely used control algorithm in industrial 

production. The core of its control algorithm is to calculate 

the difference between the ideal value of the controlled 

object and the feedback value according to the three links of 

proportion, integration and differentiation, and adjust the 

parameter values of the three modes through its linear 

combination to achieve the control of the output value of the 

controlled object. As a classical numerical control method 
[24], PID control has the following advantages: first, the 

principle is simple, easy to operate and master; second, it 

can be widely used in various industrial process control 

fields; third, it has good control effect and strong robustness. 

The conventional PID controller is a kind of linear 

controller composed of Pro controller [25] and controlled 

object. Its control system schematic diagram is as follows: 
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Figure 2. General framework of fault tolerant control method 

 

P (Proportion)

I (points)

D (differential)

Charged object

+

-

t e u y

 
Figure 3. Schematic diagram of PID control system
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It can be seen from the above figure that the PID control 

system compares the output value y  of the controlled 

object with the ideal value t , and then inputs the deviation 

value g  into the controller to generate a regulating factor 

to control the output of the controlled object. The 

mathematical model of the algorithm in the continuous time 

domain is as follows: 

 
1 t

u h e
T g

 
   

 
                           (5) 

In formula (5), u  represents the output control quantity 

of the controller, h  is the proportional gain coefficient of 

the controller, T  is the integral time constant of the 

controller, t  is the differential time constant of the 

controller, and g  represents the relative deviation between 

the output value of the controlled object and the ideal value. 

In the pro control algorithm, there are great differences 

in the debugging functions of proportion, integral and 

differential, which are described in detail as follows: 

First, in the proportional control, the proportional gain 

coefficient makes the adjustment factor proportional to the 

relative deviation g , which can directly affect the control 

effect. Increasing the proportional gain coefficient can 

improve the response speed of the system and reduce the 

steady-state error of the system, but the excessive 

proportional gain coefficient will lead to system oscillation 

and destroy the stability of the system. Therefore, a single 

proportional link cannot meet the control requirements of 

complex system, so an integral link is needed.  

Second, in the integral control link [26], the integral gain 

coefficient can be used to eliminate the steady-state error (or 

static error) of the system. In the control process, as long as 

the system deviation exists, the integral control will 

continue to operate until the steady-state error is eliminated, 

and the integral control will stop. The length of the 

controller integral time is related to the strength of the 

integral control function. The integral control function 

weakens with the increase of the integral time. The longer 

the time to eliminate the steady-state error is, the less the 

overshoot of the control system and improve its stability. 

On the contrary, the shorter the integral time is, the stronger 

the integral control function is. However, if the integral 

control function is too strong, the overshoot of the system 

will be caused, and its stability will be destroyed 

Qualitative. 

Thirdly, in the differential control, the differential gain 

coefficient can be used to reflect the change rate of relative 

deviation. Differential control has the function of predicting 

the trend of deviation and makes corresponding advance 

adjustment to eliminate it before the deviation signal 

disappears, so as to reduce the adjustment time of the 

system, prevent the occurrence of system oscillation, and 

improve its dynamic characteristics. However, differential 

control is very sensitive to noise interference and has 

amplification effect on it, so if the differential control time 

is too long, the anti-interference ability of the system will 

be weakened. 

Therefore, according to the PID control algorithm, this 

paper determines that the closed-loop control process of the 

mechanical electronic parking brake system is to input the 

expected value of power. The actual braking force is 

obtained by the servo motor, lead screw nut, cable and 

brake, and finally controlled by the PID controller. 

According to the above process, the starting control of 

the tram power system ramp is based on personal experience 

to determine the time to release the handbrake  as to achieve 

a smooth start. If the driver is inexperienced and the timing 

is improper, it is easy to cause the car to slip or the engine 

to be forced to fire. The simulation model of starting on 

ramp is designed to simulate the situation of the driver when 

starting on ramp. It includes the conversion model of engine 

torque transmission ratio and the control strategy model of 

auxiliary starting on ramp. When starting on the ramp, the 

driver will generally put the gear in first gear forward or 

reverse according to the site conditions, so the transmission 

ratio coefficient of the engine output torque through the 

final drive, transmission gear, etc. is converted into the 

driving force acting on the tire and the desired ideal braking 

force for comparison. Then the mathematical model of 

moment transfer of mechanical part can be obtained as 

follows: 

 
a

r i j
s

                                              (6) 

In formula (6), r  represents the output torque of 

automobile engine, i  represents the maximum torque ratio 

of torque converter, j  represents the gear transmission 

ratio, and s  represents the reduction ratio of final drive. 

The calculation formula of braking force required for 

parking is as follows: 
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                                           (7) 

In formula (7), L  is the braking force required for 

parking, m  is the slope angle of the tram, 
gC  is the mass 

of the tram, and 
fC  is the friction coefficient of the tram. 

According to the above calculation, the starting control 

strategy is designed as follows: the mechanical electric 

parking brake system detects the engine output torque in 

real time, and compares it with the required braking force 

converted from the mathematical model of ramp angle. 

Then, according to the difference between the force 

converted from the engine output torque and the required 

ideal braking force and the driver's intention, the servo 

motor is driven reversely at the right time Turn to release 

the parking brake tension, and ensure the smooth start of the 

vehicle to avoid the phenomenon of sudden rush and 

sliding. 

Because most tram vehicles are powered by on-board 

battery [27], and DC motor has the advantages of strong 

aerodynamic performance, good speed regulation 

performance, easy control, etc. DC motor can convert DC 

electric energy into mechanical energy, so it is the main 

power of mechanical electric parking brake system. 

According to the electromagnetic characteristics of DC 

motor, the mathematical model can be obtained as follows: 

 
w

v r l
e

                                              (8) 

In formula (8), v  is the input voltage of servo motor, l  

is the armature current of servo motor, w  is the back EMF 

of servo motor. 

According to the torque equivalence of DC motor, the 

torque balance mathematical model of servo motor can be 

obtained as follows:  

 
C

J F
V

                                             (9) 

In formula (9), J  represents the electromagnetic torque 

generated by the servo motor, V  is the total moment of 

inertia of all rotating parts (including transmission 
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mechanism, reducer and load machinery) driven by the 

servo motor, C  is the rotation speed of the servo motor, F  

is the sum of all kinds of friction torque and load torque on 

the rotation axis of the servo motor. 

On this basis, the voltage output calculated by PID 

controller is used as the control voltage input of servo 

motor, and the output of the whole servo motor is the 

rotation angle of servo motor. There is a saturation module 

in the servo motor, which is used to set the upper and lower 

limits of the output. The first saturation module is used to 

limit the upper and lower limits of the servo motor control 

voltage. The second saturation module is used to limit the 

upper and lower limits of the servo motor output rotation 

angle. The rotation angle of the servo motor output is used 

as the input of the following transmission mechanism 

model, so the limit value is to prevent the excessive output 

angle from affecting the operation of the screw nut 

mechanism, so as to avoid excessive wear of the 

mechanism. Then the model control of the transmission 

mechanism of the power system of the tram is carried out. 

In the mechanical electric parking brake system, the 

transmission mechanism is an important part of the 

executive module. The driving mechanism is mainly 

composed of lead screw nut and cable. The input of the lead 

screw nut mechanism is the rotation angle of the output of 

the previous servo motor, while the output of the lead screw 

nut mechanism is the feed of the lead screw nut mechanism. 

According to the previous experimental data, the 

relationship between the feed rate and the pull force of the 

screw nut meets the following empirical formula: 

 
26.817 11 7.64N z z                            (10) 

In formula (10), z  is the feed of the screw nut. 

In the overall model of the lead screw nut mechanism, 

the servo motor overcomes the total moment of inertia, 

friction and load torque of the lead screw nut drive 

mechanism to drive the lead screw nut to rotate. In this 

process, through fixing the lead screw, it affects the nut to 

make a linear horizontal movement, and applies the braking 

force to the brake through the cable. 

Because the observation value of the generalized 

observer to the system state is not affected by the sensor 

fault basically, this strategy directly uses the observation 

value of the tram power system to construct the robust state 

feedback controller to stabilize the system, and does not 

need to consider the similarity between the generalized 

fuzzy system and the common linear system, so the state 

observer and the controller of the system can be designed 

separately, so that the closed-loop The control system 

satisfies the sufficient condition of asymptotic stability. The 

state feedback controller of fuzzy system is established as 

follows: 

  M X I Z t                                            (11) 

In formula (11), M  represents the observation value of 

the tram system state, X  represents the generalized 

observation error, I  represents the vehicle operation 

performance parameter, Z  represents the observation 

noise, and t  represents the observation time. 

According to the above process, the fault-tolerant 

control of the tram power system based on PLC is 

completed. 

5. Experiment 

Build an experimental platform to verify the 

effectiveness of PLC based fault-tolerant control method of 

tram power system. For fault-tolerant control of tram power 

system, the rationality of gain coefficient in different 

control links determines the effect of fault-tolerant control, 

so the experiment verifies the rationality of gain coefficient 

in different control links. 

5.1. Establishment of experimental platform 

In this paper, the hardware of the mechanical electric 

parking brake system is built in the ring simulation by using 

the Autobox developed by DSpace company, and the power 

module circuit, sensor circuit, motor drive circuit, system 

input and output interface and system control strategy are 

designed respectively. The hardware structure used in the 

experiment is as follows.

Putter

Pressure nut Gear

Enter Output

Sensor

Motor

 
Figure 4. Experimental hardware structure 
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DSpace is a set of real-time simulation system, which 

consists of two parts: hardware system and software 

environment. Among them, the hardware system mainly 

includes processors with high-speed computing ability and 

various rich I / O interfaces, allowing users to combine 

according to their own needs; the software environment 

mainly includes RTI software, software for testing and 

debugging, such as software with the function of generating 

and downloading program code, software for testing and 

debugging, etc. The code in the hardware system is 

automatically generated by RTI software and downloaded 

to the control program to realize the real-time simulation 

experiment of the system, and then the variables are 

accessed by controldesk software to realize the experiment 

and debugging of the simulation system. The output table of 

the controller control signal applied in the experiment is as 

follows: 
Table 3. Control signal output summary 

Signal Signal type Signal connection 

App indicator Switch Indicator hard wire 

Mode indicator Switch Indicator hard wire 

System fault 

indicator 

Switch Indicator hard wire 

System failure 

warning tone 

Switch Buzzer hard wire 

The input circuit needs to ensure that the analog and 

digital signals of each sensor can be collected by the control 

unit; the output circuit needs to ensure that the control 

signals output by the controlled unit can be accurately 

transmitted to the actuator and warning lights, etc., without 

interference from other external factors. The summary table 

of system controller signal acquisition is as follows: 

Table 4. Summary of signal acquisition of experimental controller 

Signal name Signal form Signal source 

connection 

EPB operation 

button 

Switch Button hardwire 

Operation button Switch Button hardwire 

Engine speed Digital quantity Car electronic network 

Engine torque Digital quantity Car electronic network 

Accelerator Digital quantity Car electronic network 

Speed Frequency Magnetoelectric sensor 

Servo motor speed Frequency Motor speed sensor 

Vehicle inclination Analog Tilt sensor 

Gear information Switch Switch hard wire 

Ignition key Switch Switch hard wire 

At the same time, the hardware in the loop simulation 

uses the XP operating system installed in the notebook, on 

which the modeling and simulation software MATLAB 

r2007b and the test monitoring software control desk are 

installed. The main construction steps of the experimental 

platform are as follows: 

Firstly, the simulation model block diagram of the 

mechanical electronic parking brake system is established 

in Matlab / Simulink software, and the experimental 

parameters are set according to the simulation results to 

ensure that the simulation system can output the correct 

simulation curve; secondly, the input and output interfaces 

in the simulation system are connected with the I / O 

interfaces provided by rt11005 module in DSpace to form a 

closed-loop control system; then the algorithm is defined 

The option is fixed step, the setting step time is 0.001 s, the 

build button in Matlab / Simulink of the motor converts the 

simulation model block diagram of the mechanical electric 

parking brake system into C language code; finally, the 

compiler code provided by DSpace is compiled and loaded 

into the ds2211 control board card in the Autobox, so as to 

realize the overall system simulation using the Autobox as 

the electronic control unit. At the same time, control desk is 

used to monitor the simulation process in real time. The 

overall structure of the experimental platform is as follows: 

ControlDesk
MATLAB/

Simulink

Operation signal

Real-time model

Control Method

server server

 

Figure 5. Experimental test platform 

5.2. Rationality analysis of gain coefficient of proportional 

control link 

In the proportional control, the proportional gain 

coefficient is determined by the adjustment factor and the 

relative deviation, which affects the strength of the fault-

tolerant control. Among them, the regulation factor refers to 

the regulation parameter of the proportional control; the 

relative deviation value refers to the difference between the 

output value of the controlled object and the ideal value; a 

reasonable proportional gain coefficient can improve the 

response time of the fault-tolerant control, reduce the 

steady-state error of the power system, and ensure the safe 

operation of the power system of the tram. The initial value 

of the adjustment factor is set to 0.5, and the initial value of 

the relative deviation is set to 1.0. In each case, experiment 

10 times, and take the average value. The results of the 

proportional gain coefficient are shown in the table below.
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Table 5. Proportional gain coefficient 

Regulatory 

factors 

Relative 

deviation 

value 

Proportional 

gain 

coefficient 

Response 

time 

(ms) 

0.5 1.0 20.13 12.03 

1.0 1.1 21.16 11.10 

1.5 1.2 22.62 10.00 

2.0 1.3 23.94 9.99 

2.5 1.4 24.16 9.12 

3.0 1.5 30.00 10.03 

... ... ... ... 

5.0 1.9 35.46 11.23 

5.5 2.0 39.56 12.56 

As shown in Table 5, when the adjustment factor is 3.0 

and the relative deviation value is 1.5, the response time of 

fault-tolerant control is the shortest, indicating that the 

rationality of proportional gain coefficient is the strongest 

at this time, which is 30.00. 

5.3. Rationality analysis of gain coefficient of integral 

control link 

Fault tolerant control in the integral control link, the 

integral gain coefficient is determined by the integral time 

and overshoot, and its function is to eliminate the steady-

state error of the tram power system. Among them, 

integration time refers to the number of integrations; 

Overshoot refers to the maximum limit value of fault 

tolerance. A reasonable integral gain coefficient can 

eliminate the steady-state error of the power system and 

ensure the safe operation of the power system of the tram. 

The integration time is set to 1 time, and the overshoot is set 

to 0.5. In each case, experiment 10 times, and take the 

average value. The integral gain coefficient results are 

shown in the table below. 
Table 6. Integral gain coefficient 

Integral 

time 

(Times) 

Overshoot 
Integral gain 

coefficient 

Steady-

state error 

1 0.5 12.03 +2.30 

2 0.6 12.11 +2.20 

3 0.7 12.23 +2.03 

4 0.8 12.56 +1.92 

5 0.9 12.48 +1.82 

6 1.0 12.94 +1.24 

... ... ... ... 

19 2.4 14.26 +0.51 

20 2.5 15.00 0 

As shown in Table 6, when the integration time is 20 

times and the overshoot is 2.5, the steady-state error of fault-

tolerant control is 0, indicating that the integration gain 

coefficient is the most reasonable at this time, which is 

15.00. 

5.4. Rationality analysis of gain coefficient of differential 

control link 

In the differential control, the differential gain 

coefficient is determined by noise and prediction deviation, 

which reflects the change rate of relative error. Among 

them, noise refers to the interference factors in the process 

of fault-tolerant control; prediction deviation refers to the 

difference between the output value and prediction value of 

the controlled object. Reasonable differential gain 

coefficient can improve the rate of fault-tolerant control and 

ensure the safe operation of the tram power system. The 

initial noise value is set to 30, and the initial prediction 

deviation value is set to 3.5. In each case, 10 experiments 

are conducted, and the average value is taken. The 

differential gain coefficient results are shown in the table 

below. 
Table 7. Differential gain coefficient 

Noise 

(dB) 

Forecast 

deviation 

Differential 

gain 

coefficient 

Control rate 

(Number of 

faults / MS) 

30 3.5 10.12 34.64 

40 3.6 15.12 39.45 

50 3.7 20.13 40.15 

60 3.8 26.48 46.15 

70 3.9 26.79 49.51 

80 4.0 29.45 53.16 

... ... ... ... 

150 4.8 29.98 59.78 

160 4.9 35.46 45.12 

As shown in Table 7, when the noise is 150 and the 

prediction deviation is 4.8, the fault-tolerant control rate is 

the largest, indicating that the differential gain coefficient is 

the most reasonable at this time, which is 29.98. 

6. Conclusion 

In conclusion, in order to meet the fault-tolerant 

requirements of the tram power system, the PLC based 

fault-tolerant control method of the tram power system 

designed in this study can improve the rationality of the gain 

coefficient of the fault-tolerant control link, improve the 

fault-tolerant performance of the power system, and provide 

a more effective guarantee for the operation safety of the 

tram. At present, the research on fault-tolerant control of 

tram power system is still in its infancy, and further 

experimental research and demonstration are needed as an 

industrial product. Therefore, the following aspects need to 

be studied and tested: 

1. First, there is no emergency braking control strategy in 

the fault-tolerant control simulation model, that is, when 

the service brake fails, the parking brake system can 

replace the service brake to apply the braking force to 

the driving vehicle, so that it can stop driving smoothly 

and reliably; 

2. Second, although the fault-tolerant control strategy has 

been designed in this experiment, due to the time and 

cost problems, there is no specific single-chip 

microcomputer as the control unit, so only the dual core 

redundancy method is used to realize the possibility of 

fault compensation of electronic control system; 
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3. Third, because no suitable single-chip microcomputer is 

selected as the electronic control unit, no real vehicle test 

is carried out. It is hoped that there will be a chance to 

burn the fault-tolerant control program into the single-

chip microcomputer and carry out real vehicle 

verification; 

4. Fourthly, for the parameter uncertainty, this paper 

mainly considers the case that the unknown parameter 

enters the system state equation linearly, and there is not 

enough research on the adaptive control of the more 

general nonlinear parameter uncertainty system. In 

addition, this paper assumes that the unknown quantity 

is constant or slowly changing. How to further study the 

uncertain parameters of time-varying based on this paper 

is also an important problem. 
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Abstract 

In order to solve the problem that the accuracy of the controller of the traditional mechanical control system is not high and 

the efficiency of the control system is too low, a mechanical control system based on maximum power point tracking is 

designed. Through the controller platform, the embedded microprocessor with arm architecture is used to design the basic 

peripheral circuit, and to improve the control accuracy of the controller, and to complete the hardware design of the system. 

According to the characteristics of the compression efficiency of the liquid pump, the energy storage device is modeled, the 

maximum power point tracking algorithm is used to control the speed of the motor, and the software design of the system is 

completed. Regarding the hardware and software design of the system, the mechanical and electrical control system design of 

the mixed liquid gas pressure energy storage device is realized. The experimental results show that the design system is basically 

consistent with the standard control value, the system efficiency is the largest, and the mechanical and electrical control 

accuracy of the mixed oil and gas energy storage is improved, and the active power can reach a stable state. 
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1. Introduction 

With the wide application of new energy generation, 

energy storage technology has been developed rapidly. 

Because of the location of Micro Capacity compressed air 

energy storage system, and its cost which is relatively low, 

it has been widely used. Micro capacity compressed air 

energy storage has become a new technology of renewable 

energy generation and energy storage system. In the air 

energy storage technology, in order to improve the 

efficiency, we can start from the thermodynamic principle. 

At the same time, the energy conversion efficiency in 

electromechanical conversion has a great influence on the 

energy storage system. In the traditional air compression 

energy storage system, asynchronous motor is mainly used, 

and the traditional motor control mode is used to compress 

the air to obtain energy. But the disadvantage of this 

technology is its low efficiency [1]. The system is a hybrid 

energy storage system, which includes liquid gas hybrid 

pressure energy storage system, high energy density air 

compression energy storage device and high-power density 

super capacitor energy storage device. Because the 

conversion of mechanical and electrical energy has a great 

influence on the efficiency of the system, in the system of 

liquid gas mixed energy storage and compression, the 

research on the compressed air energy storage system has 

made some progress in recent years. 

A combined automatic generation control system of 

thermal power unit and energy storage system is proposed 

and designed in document [2]. The basic principle, typical 

scheme, control process and practical engineering effect of 

the technology are introduced. The influence of the 

connection mode of the energy storage system on the 

electrical system of thermal power unit and the selection of 

the storage battery are discussed. The investment and 

income of the technology in engineering application are 

analyzed. The analysis results show that the combination of 

AGC frequency modulation technology with thermal power 

unit and energy storage system has remarkable effect and 

good economic benefit. The access of energy storage 

system has no influence on the control system and electrical 

system of thermal power unit. As the battery of energy 

storage system, lithium iron phosphate battery has many 

advantages, which provides reference for the practical 

engineering application of AGC frequency modulation 

technology combined with thermal power unit and energy 

storage system. However, the accuracy of the system is low, 

which leads to the instability of the active power. A multi-

port power generation control system based on energy 

storage is proposed and designed in document [3]. 

According to the system requirements, the structure and 

function of each part are designed. The energy management 

scheme and configuration strategy of the energy storage unit 
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are analyzed. The fuel cell adopts one-way dc/dc converter, 

voltage and current double closed-loop control. Through the 

energy storage unit and bidirectional dc/dc converter, the 

load and super capacitor energy storage unit are provided 

with energy when the dynamic change is in progress. The 

sliding mode control and the segment PI control strategy are 

adopted to realize the fast transfer control of energy and 

improve the output stability of the system. The simulation 

model of the system is established to verify the effectiveness 

of the multi-port power system control strategy. But the 

efficiency of the liquid pump in this system is low, and there 

are some hidden dangers. 

In view of the problems in the above system, a new type 

of mechanical and electrical control system for liquid gas 

mixed energy storage is designed by using the maximum 

power point tracking strategy. The invention combines the 

high energy density air compression energy storage device 

and the super capacitor energy storage device with high 

power density into a hybrid energy storage system. The 

hybrid liquid compression energy storage system is 

controlled by permanent magnet synchronous motor. For 

the system, the maximum efficiency point tracking 

algorithm is used to control the motor of the system, so that 

the motor load liquid pump works at the maximum 

efficiency point, thus improving the mechanical and 

electrical conversion efficiency of the system. The 

experimental results show that the method can be used for 

reference, improve the conversion efficiency of 

electromechanical energy, and provide the basis for the 

construction and work of hybrid energy storage system. 

2. Hardware design of mechanical and electrical control 

system of mixed liquid gas pressure energy storage 

2.1. Controller platform 

The controller platform adopts ARM embedded 

microprocessor and embedded controller of μ C / OS - II 

real-time operating system in series. The hardware platform 

design of the controller is shown in Figure 1. 

Figure 1 shows the structure, the CPU of the controller 

adopts Samsung’s 32-bit RISC microprocessor S3C44BOX 

based on ARM7TDMI core, with the main frequency of 66 

MHz. The chip integrates external memory controller, LCD 

controller, 4 DMA controllers and 2 darts, IIC and IIS bus 

controller, A / D, I / O and other interfaces, embedded 

controller system resources based on S3 c44box include: 8 

MB SDRAM as system memory, 4MB flash as electronic 

disk, standard RS-232 serial communication interface. The 

embedded controller uses LCD and keyboard as human-

computer interface, which has powerful human-computer 

interaction function [4]. 

In order to reduce the cost of the whole system, through 

16 / 32-bit RISC processor S3C44B0X by using its own on-

chip peripherals, a LMD18200 driver chip is connected 

outside the processor. The H-bridge and its control logic 

circuit composed of four DMOS are included in an 11 pin t-

220 package. The rated current is 3 A, the peak current is 6 

A, the voltage power is 55 V, and the on resistance of the 

power transistor is 0.3 Ω, TTL and CMOS compatible 

control signal input, including bridge arm single side 

through circuit; chip overheat alarm output and automatic 

shutdown. Settings LMD18200 Logical Menu Table 1.
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IIC bus controller

LCD controller

A/D

Watchdog
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Keyboard 
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Figure 1. Hardware structure of controller 
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Table 1. LMD18200 logic menu 

PWM Turn Enable 
Actual output drive 

current 

Motor 

working 

state 

H H L Outflow 1, inflow 2 
Forward 

rotation 

H L L Inflow 1, outflow 2 Reversal 

L / L Outflow 1, outflow 2 Stop it 

H H H Outflow 1, outflow 2 Stop it 

H L H Inflow 1, inflow 2 Stop it 

L X H NONE  

Driven by the functions in Table 1, since the control 

signal of the motor is directly generated by the DSP, and the 

drive circuit of the DC motor is directly connected with a 

voltage of up to 26.2 V, if there is a problem in the circuit, 

the current will flow directly into the DSP, causing damage 

to the DSP and its peripheral circuits, so all the control 

signals and feedback signals must be isolated by the 

photoelectric isolation device to make the motor drive 

electricity The circuit is completely separated from the DSP 

[5]. Even if there is a problem in the circuit, it will not cause 

great damage to the whole system. At the same time, the 

frequency of PWM signal in the control is relatively high 

for the photoelectric isolation device, and the common 

photoelectric isolation device such as til113 cannot be used. 

When the rectangular wave of PWM signal is input from the 

photoelectric isolation device, when the frequency is high, 

only trapezoidal wave can be obtained at the output end of 

the photoelectric isolation device, which cannot achieve 

accurate PWM control. Therefore, 6n137 high-speed 

optocoupler isolator is selected in this paper, which can 

fully adapt to high signal frequency. A schematic diagram 

of the connection to the DSP is shown in Figure 2. 

Event manager

（EV）

GPIO

LMD18200

DSP

Enable

Direction

PWM PWM

Direction

Direction

 
Figure 2. Connection diagram 

As shown in Figure 2, the PWM pulse signal is generated 

by the F2812 event manager, while the direction signal and 

enable signal are programmed and controlled by the F2812 

general input output (GPIO) bus. After the controller is 

designed, the peripheral circuit is designed and the 

hardware part of the system is designed [6]. 

2.2. Basic peripheral circuit 

When designing the basic peripheral circuit, first design 

the clock circuit. Because of the particularity of the control 

system, in this system, the S3C44BOX processor chip uses 

the passive crystal oscillator, and the connection method of 

crystal oscillator is shown in Figure 3. 

C5

C6

C7

X2

R3

PXPAL0

XTAL0

PLLCAP

 
Figure 3. Clock circuit 

The clock circuit connection diagram shown in Figure 3, 

according to the highest working frequency of S3C44BOX 

and the working mode of PLL circuit, 10 MHz passive 

crystal oscillator is selected. After 10 MHz crystal oscillator 

frequency is doubled by PLL circuit in S3C44BOX, the 

maximum can reach 66 MHz. The on-chip PLL circuit has 

the function of frequency amplification and signal 

purification. Therefore, the system can obtain a higher 

working frequency with a lower external clock signal to 

reduce the high-frequency noise caused by the high-speed 

switch clock [7]. 

The reset circuit mainly completes the power on reset of 

the system and the key reset function of the user when the 

system is running, and adopts a simple RC reset circuit. The 

designed reset circuit is shown in Figure 4. 

From the reset circuit shown in Figure 4, when the 

system is powered on, charge the capacitor C1 through the 

resistance R1. When the voltage at both ends of C1 does not 

reach the threshold voltage of high level, the output of reset 

terminal is low level, and the system is in the reset state; 

when the voltage at both ends of C1 reaches the threshold 

voltage of high level, the output of reset terminal is high 

level, and the system enters the normal working state. When 

the user presses the button S1, the charge at both ends of C1 

is discharged, the output of reset end is low level, the system 

enters the reset state, and then repeats the above charging 

process, the system enters the normal working state. Based 

on the above operations, the hardware design of the 

mechanical and electrical control system of mixed liquid 

gas pressure storage is completed, and the software part of 

the control system is designed according to the properties of 

mixed liquid gas pressure storage [8].
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Figure 4. Reset circuit 

3. Software design of mechanical and electrical control 

system of mixed liquid gas pressure energy storage 

3.1. Characteristics of liquid pump 

In the process of energy storage, the motor first converts 

energy from electrical energy to mechanical energy, and 

then the liquid pump, driven by mechanical energy, 

provides energy for the liquid in the liquid tank to be 

delivered to the gas tank. The liquid delivered to the gas 

tank by medium pressure, just like the liquid piston, 

compresses the gas in the gas tank, and then reserves the 

energy in this process. In the process of energy release, the 

high-pressure gas in the gas tank will send the liquid in the 

gas tank back to the liquid tank, at the same time, it also 

provides energy for the rotation of the hydraulic motor. The 

rotation of the motor drives the rotation of the motor, thus 

generating electric energy. The mechanical and electrical 

conversion link of the mixed liquid gas compression energy 

reserve system is mainly composed of the liquid pump and 

the motor. The liquid pump is the load of the motor, and the 

control of the motor will determine the working state of the 

liquid pump. Therefore, it is necessary to study the working 

characteristics of the liquid pump and optimize the control 

strategy of the motor based on this. The motor converts 

electrical energy into mechanical energy and outputs torque 

smT
 to the hydraulic pump. The rotational speed N  of the 

motor can be calculated as follows: 

 
1

( )
sm hm

N T T dt
J

                             (1) 

In the above formula, hmT
 is the load torque of the liquid 

pump as the motor load, smT
 is the motor control torque, J  

is the inertia coefficient of the shaft, and the friction loss of 

the shaft is ignored. The liquid flow from the liquid tank to 

the liquid pump 
Q

 is: 

 Q DN                                            (2) 

where D  is the displacement of the liquid pump, 

according to the standard gas equation: 

 V nRT                                             (3) 

Among them, 


, V , n , R  and T  are respectively 

expressed as the pressure, volume, quantity, temperature 

and constant of ideal gas. The product of pressure and 

volume before and after gas compression is constant in the 

isothermal process, so we can get: 

  0

t

am s sV V Qdt                               (4) 

where am
 is the standard atmospheric pressure and sV

 

is the volume of the air tank. According to the above 

formula, the pressure 


 of compressed gas can be 

calculated, and the torque expression of liquid pump can be 

calculated as follows: 

 2
hm

am

PD
T

P P









  

                                           (5) 

According to the above formula (4) and formula (5), the 

efficiency of liquid pump is equal to the product of volume 

efficiency v  and mechanical efficiency m , that is: 

 pump v m                                               (6) 

In the above formula, volume efficiency and mechanical 

efficiency have the following quantitative relationship: 

 

2

out
v

m

sm

Q

DN

D p

T












 


                                           (7) 

where outQ
 is the flow of liquid from the liquid pump. 

During the whole compression process, set the work 

efficiency of compressed gas as y
, the motor efficiency as 

d , and the converter efficiency as bv
. the total efficiency 

of the whole compression and energy storage process can 

be expressed as follows: 

 
d

W bv

y


 


                                            (8) 

It can be seen from the above formula that according to 

the principle of thermodynamics, multiple compression and 

reduction of compression ratio can improve the work 

efficiency of compressed gas. The efficiency of permanent 

magnet synchronous motor is higher and less affected by 

load. Assuming that the motor efficiency and converter 

efficiency are fixed, the efficiency of liquid pump can be 

improved, which can effectively improve the total 

efficiency of the system [9]. 
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According to the data provided by the liquid pump 

manufacturer, the compression efficiency characteristics of 

the liquid pump are shown in Figure 5. 

pump

pumpP

pumpN/ 0k kN  
0

/ 0k kN  

Maximum power

 
Figure 5. Working efficiency characteristics of liquid pump 

As can be seen from Figure 5 that the sampling speed 

has the following quantitative relationship with the 

efficiency of the liquid pump: 

 1

1

k k k

k k kN N N

   



 


 
                           (9) 

where, kN
 and k  represent the rotational speed of k-

sampling and the corresponding efficiency calculation value 

respectively. The rotational speed and pressure of the liquid 

pump determine the working efficiency of the liquid pump 

[10]. Therefore, in order to make the liquid pump work with 

higher efficiency, we should consider the pressure change 

and control the motor speed, so that the liquid pump works 

at the most reasonable speed [11]. 

3.2. Motor speed control based on maximum power point 

tracking 

The liquid pump realizes the conversion from the kinetic 

energy of liquid to the mechanical energy of rotating shaft, 

which is represented by the mechanical conversion module. 

Combined with the above analysis of the working 

characteristics of the liquid pump, the energy storage device 

is modeled by using the characteristics of the input quantity 

as the speed and pressure difference, and the output quantity 

as the flow and the load torque of the motor. Based on the 

gas state equation, the calculation can be obtained: 

  0

t

air a am airV Qdt p p V                           (10) 

where airV
 is the volume of the air tank. Since the 

inverter is connected with three-phase symmetrical load, 

only two variables need to be considered in modeling (the 

third variable can represent the three-phase voltage of the 

stator with the first two variables linearly). The three-phase 

voltage of the stator in the three-phase static coordinate 

system can be expressed as: 

 

2 1
1

1 2
3

1 1

invU U

 
  
 
   

                         (11) 

The stator voltage in the two-phase rotating coordinate 

system is calculated by the above formula. The calculation 

formula is as follows: 

 (12) 

In the above formula,   represents the angle difference 

between the rotor and the stator position, which can be 

obtained by rotating speed. The calculation formula is 

p

d
N

dt




, pN
 represents the pole pairs of the motor, 

and   represents the shaft angular speed of the hydraulic 

pump. In this model, the motor consists of an energy 

accumulation module and an electromechanical conversion 

module. The motor current in the energy accumulation 

module can be obtained from the stator voltage and the 

motor electromotive force e : 

 ( )
s line

di
L U e ri

dt
                            (13) 

where, sL
 and r  are the stator inductance and winding 

resistance of the motor respectively. When the output 

voltage value is a specific value, the output power reaches 

the maximum value. Then the power consumed on the load 

internal resistance 0R
 is: 

 
0

2 2

0 0

0

( )
p

R

r

V
P I R R

R R
 


                         (14) 

where pV
 is a constant. When the output power of the 

inverter is set as 0RP
, it can be seen that there is only one 

maximum point, that is, the maximum power point, and the 

derivation of load internal resistance 0R
 can be obtained: 

 
0

2

0

3

0 0

( )

( )

prR

r

R R VdP

dR R R





                         (15) 

where V  is the voltage source voltage and rR
 is the 

internal resistance of the voltage source. According to the 

two ends of the above formula, and then the derivation of 

0R
, we can get: 

 
0
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2 4
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d P R R

dR R R


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
                         (16) 

Let 

0

0

0
RdP

dR


, get 0rR R
, substitute it into formula 

(16), get 

0

2

2 2

0 0

2
0

( )

R r

r

d P R

dR R R





＜

. Therefore, when the 

output power 0RP
 is the maximum value, 0rR R

. That is, 

when the internal resistance of the load and the internal 

resistance of the power supply are equal, the output power 

reaches the maximum value. For a linear circuit with 

constant internal resistance, the external resistance of the 

load can be adjusted to make its resistance equal to the 

internal resistance value, so as to obtain the maximum 

power point, that is, the optimal working point [12]. 

The torque of motor and liquid pump is added to the 

shaft to generate the motor speed. The maximum power 

point obtained from the above formula is used to control the 

motor speed. The expression is: 
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 sm hm

d
J T T fw

dt


                            (17) 

where 
f

 is the coefficient of friction. 

3.3. Implementation control 

Based on the maximum power point control and 

maximum efficiency point control algorithm, the inversion 

control module of the control system is realized by 

programming and PI control. The calculation formula is as 

follows: 

 sm_ ref ref mesT Cont[ ] smw w T            (18) 

In the above formula, ref mesCont[ ]w w
 represents the 

controller of variable, which is generally implemented by PI 

controller. sm _ refT
 is the reference value of motor torque. 

The motor module is inverted, and the motor winding 

module is used as the energy accumulation module. The 

controller is used to realize the inversion operation, and the 

reference value and measurement value of the stator current 

are obtained [13-15]. Under the measured value, the park 

transform is inverted as follows, and the voltage reference 

value of the inverter is calculated. Using the voltage 

reference value, the reference value of the regulating 

amount is calculated, and the calculation formula is as 

follows: 

 refm
ref

cap

u

u
                                          (19) 

where, rect _ refu
 is the reference value of inverter voltage 

and capu
 is the measured value of inverter voltage. Starting 

from the calculated maximum reference value of the 

inverter, the tracking control flow of the maximum 

efficiency point of the energy storage system is shown in 

Figure 6. 

Process according to the process shown in Figure 6, in 

the initial stage, the reference speed is given by using the 

quadratic interpolation method to make the liquid pump 

start quickly; after the start-up, the working point of the 

liquid pump is judged to be on the left or right side of the 

maximum efficiency point by using the working efficiency 

characteristic diagram of the liquid pump, so as to correct 

the speed and complete the tracking control of the maximum 

efficiency point of the liquid pump; the maximum power 

point tracking is calculated by using the power of the liquid 

pump to get the control strategy, when the motor power is 

less than the design power of the system, gives a higher 

reference speed, so that the system power increases rapidly, 

so as to quickly store energy; when the motor power reaches 

the design power of the system, calculate the reference 

speed of the system at the maximum power, so as to control 

the system at the maximum power point. Finally, the 

software design of the control system is completed.

Start

Measured Nk,Pk,Tk

|Nk-Nk-1|≤e？

/

End

N Y

Y

N

 k kN

ref kN N N ref kN N N  ref rkN N

1k kN N 

1k k  

 

Figure 6. Maximum efficiency point tracking control process 
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4. Experimental results and analysis 

In order to prove the application performance of the 

designed mechanical and electrical control system based on 

the tracking of maximum power point in the actual power 

work, the combined automatic generation control system of 

thermal power unit and energy storage system [2] in 

literature and the multi-port power generation control 

system based on energy storage [3] are set up as the 

experimental comparison system. In the same working 

environment, the mixed liquid gas is treated by three 

systems compressed energy storage is controlled by 

mechanical and electrical equipment. 

4.1. Experimental platform and parameter setting 

Based on the MATLAB/Simulink, the compression 

process of the system is taken as an example to simulate 

different control systems. Set up the experimental platform, 

as shown in Figure 7. 

On the experimental platform shown in Figure 7, the 

inverter unit is controlled by the upper computer in the 

mixed liquid gas compressor and the permanent magnet 

synchronous motor is driven to drive the liquid pump to 

work, and the air is compressed to the air tank to realize 

energy conversion and storage. Figure 8 shows the mixed 

liquid gas compressor and accumulator. 
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Figure 7. Experimental platform 
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Figure 8. Mixed liquid gas compressor 

 

 

 



 © 2021 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 15, Number 1  (ISSN 1995-6665) 150 

 

Figure 8 comes from 

http://www.njeiri.com/front/article/506.htm. Through the 

experimental platform, the main parameters of the mixed 

liquid gas compressor and energy storage machine are set: 

the power is 15 kW; the rated power of the motor is 11 kw, 

the rated speed is 2000 r / min; the model of the liquid pump 

is Parker f12-125; the capacity of the air storage tank is 500 

L; the maximum air storage pressure is 150bar (1bar = 1 × 

105 Pa); the winding resistance (line line) of the motor is 

0.3 Ω; the winding inductance (line line) is 6.54 mh; the 

rotational inertia of the motor is 162.6 kg·cm2. According 

to the above experimental platform and experimental 

parameter settings, two traditional control systems and the 

control system designed in this paper are used to carry out 

experiments, and the performance of the three control 

systems is compared. 

4.2. Liquid pump efficiency 

Based on the above experimental preparation, the 

efficiency of the liquid pump can be observed in real time 

in the upper computer interface by using the sensor signal 

and the upper computer using the above formula (6). The 

experimental waveform is shown in Figure 9. 
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Figure 9. Efficiency of liquid pump 

The input electric energy is measured by the electric 

energy meter at the interface between the experimental 

platform and the external power grid, and the following 

formula is used: 

 0

0 0

ln 1
f f

f

p p
E p V p V

p p

   
     

   
         (20) 

In the above formula, fp
 is the final gas pressure, 0p

 

is the initial gas pressure, and V  is the gas volume. The 

results show that the efficiency of liquid pump is 0.52. 

Taking the efficiency of the liquid pump as the experimental 

index, the mechanical and electrical control system based 

on the tracking of the maximum power point, the automatic 

generation control system based on the combination of the 

thermal power unit and the energy storage system and the 

multi-port power generation control system based on the 

energy storage are compared and analyzed. The 

experimental results of the three control systems are shown 

in Table 2. 

Table 2.  Experimental results of three control systems 

Control 

index of 

control 

system 

Experimental result 

Contrast 

value 

Combined 

automatic 

generation 

control 

system of 

thermal 

power unit 

and energy 

storage 

system 

Multi-port 

power 

generation 

control 

system 

based on 

energy 

storage 

Mechanical 

and electrical 

control system 

of mixed 

liquid 

compressed 

energy storage 

based on 

maximum 

power point 

tracking 

Input 

electric 

energy / 

(kW / h) 

10.16 12.38 15.86 16.02 

Storage 

energy / 

(kW / h) 

5.42 7.31 8.30 8.33 

Liquid 

pump 

efficiency 

0.32 0.42 0.50 0.52 

From the data shown in Table 2, it can be seen that under 

the same experimental platform, when the mechanical and 

electrical control system based on maximum power point 

tracking designed in this paper is used to control the mixed 

gas compressor, the efficiency of the system's liquid pump 

is the highest, and the system's liquid pump efficiency is the 

highest when the combined automatic generation control 

system of thermal power unit and energy storage system is 

used to control the mixed gas compressor The efficiency of 

the system is slightly lower than that of the combined 

automatic generation control system of thermal power unit 

and energy storage system. Considering the waveform 

analysis of other parameters of the above system, the control 

system designed in this paper has high efficiency. However, 

there are some security risks in the joint automatic 

generation control system of thermal power unit and energy 

storage system and the multi-port power generation control 

system based on energy storage. Therefore, the mechanical 

and electrical control system based on maximum power 

point tracking designed in this paper is more efficient 

Suitable for energy storage system. Due to the loss of gas 

and liquid flow in the experiment, the experimental results 

of the mechanical and electrical control system based on 

maximum power point tracking are slightly lower than the 

given comparison value. Through simulation and 

experimental verification, it can be clearly seen that the 

control system designed in this paper improves the 

shortcomings of traditional control system based on the 

algorithm of maximum power point or maximum efficiency 

point. 

4.3. Control accuracy 

In order to verify the effectiveness of the system in this 

paper, the mechanical and electrical control accuracy of the 

hybrid liquid gas compression energy storage system based 

on maximum power point tracking, the joint automatic 

power generation control system of thermal power unit and 

http://www.njeiri.com/front/article/506.htm.
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energy storage system and the hybrid liquid gas 

compression energy storage mechanical and electrical 

control accuracy of the multi-port power generation control 

system based on energy storage are compared and analyzed, 

and the comparison results are shown in Figure 10. The 

control accuracy = the working power of the system × 100% 

under ideal conditions. 
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(b) Control accuracy of combined thermal power unit and energy 
storage system 
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(c) Control accuracy based on energy storage system 

Figure 10. Comparison of control accuracy of different systems 

According to Figure 10, the mechanical and electrical 

control accuracy of the designed mechanical and electrical 

control system based on maximum power point tracking is 

up to 90%, while the mechanical and electrical control 

accuracy of the combined automatic generation control 

system of thermal power unit and energy storage system and 

the multi-port power generation control system based on 

energy storage is up to 75% And 80%, which shows that the 

control accuracy of the system is higher than that of the 

traditional control system. 

4.4. Active power 

In order to further verify the effectiveness of the system 

designed in this paper, the mechanical and electrical control 

system based on maximum power point tracking, the 

combined automatic power generation control system of 

thermal power unit and energy storage system and the active 

power of the mixed liquid compressed energy storage 

system based on the multi-port power generation control 

system of energy storage are compared and analyzed. The 

comparison results are shown in Figure 11. 
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Figure 11. Comparison of active power of mixed liquid 
compressed energy storage 

According to Figure 11, with the increase of operation 

time, the active power of the mechanical and electrical 

control system based on maximum power point tracking is 

between 190 mw and 210 MW, with a small change range; 

the active power of the system is between 130 MW and 280 

MW; the active power of the hybrid liquid gas pressure 

storage system of the multi-port power generation control 

system based on energy storage is between 160 MW and 

240 MW. The active power of the hybrid liquid gas pressure 

storage system of the combined automatic power generation 

control system of the thermal power unit and the energy 

storage system and the multi port power generation control 

system based on energy storage changes greatly. This shows 

that the active power of the hybrid liquid gas pressure 

storage system designed in this paper. The power is more 

stable than that of the traditional system. 

5. Conclusion 

With the development of energy storage system, the 

technological innovation of various energy storage methods 

is also in-depth. Compressed air energy storage technology 

as a relatively new way of energy storage, due to its unique 

advantages, has been widely concerned and actively studied 

by scholars all over the world. In this paper, a new type of 

compressed air energy storage system is designed. In the 

cycle of the compressed air energy storage system with 

liquid gas circulation, according to the different pressure 

range, the segmented compression ratio is determined, and 

the influence of this control mode on the efficiency is 

further analyzed. This refinement can keep the system in a 

quasi-constant temperature process and improve the 

efficiency of the system. The maximum efficiency point 

tracking control strategy of the hydraulic system is 

optimized. By setting the effective range of maximum 

efficiency point, the real-time performance of speed control 

is reduced. In the future, we need to complete the 

experiment on the experimental platform to solve the 
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problems in the experiment. The correctness of the 

simulation analysis and the feasibility of the system are 

verified by experiments. 
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