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Abstract

When the relationship model between flow characteristics and efficiency of reciprocating porous medium burner is built by
energy spectrum analysis method, it is disturbed by a large number of factors affecting combustion efficiency, so it is impossible
to accurately analyze the relationship between flow characteristics and efficiency of the burner. A new relationship model
between flow characteristics and efficiency of reciprocating porous medium burner is constructed. According to the symmetry
of reciprocating porous medium burning system structure and the periodic exchange characteristics of internal gas flow, a
physical model of reciprocating porous medium burning system is constructed. On this basis, a reciprocating porous medium
burner is established. After giving the initial boundary conditions of the model equation, the finite volume method is used to
discretize the model equation, boundary conditions and calculation area. The Gauss-Seidel iteration method is used to solve
the mathematical model, and the relationship between the flow characteristics and efficiency of the reciprocating porous
medium burner is analyzed. The experimental results show that the model can effectively analyze the relationship between
flow characteristics, such as reversal half cycle, gas calorific value, secondary air ratio and efficiency in reciprocating porous

medium burner, and the stability of the model is strong. The analysis time is less than 0.5 s.

© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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1. Introduction

With the development of society and economy, energy
crisis and environmental pollution are becoming more and
more serious. People’s voice for energy conservation and
environmental protection is getting higher and higher [1].
The development of clean energy and the efficient use of
energy play an important role in promoting and
guaranteeing the sustained, rapid and healthy development
of the national economy, improving the environment and
the quality of people’s lives. Controlling the use of highly
polluted energy, developing the utilization of clean energy,
and improving the effect of energy conservation are to
greatly increase the use of energy, which has become one of
the researches focuses of energy researchers since the 1990s
[2,3].

Environment is the source of human life and survival.
However, with the development of the world economy,
environmental problems are becoming more and more
serious, threatening the survival and development of
mankind. Nowadays, human beings are faced with three
major environmental problems: acid rain, greenhouse effect
and ozone layer damage. The harm of acid rain is getting
worse and worse, and almost all over the world [4, 5].
According to a survey conducted by the Economic
Commission for Europe (UNECE) and the United Nations

* Corresponding author e-mail: boxuezhong@126.com.

Environment Programme in 1989, acid rain has been
harmful to 28 countries in Europe, and 50 million hectares
of 110 million hectares of forests in Europe have become
fragile and withered due to acid rain; In the United States,
according to Environmental Protection Agency (EPA)
estimates, acid rain has corroded up to 5 billion United
States (US) dollars in 17 states since 1985. In China, acid
rain has been the trend of development, and the acidity of
rainfall has been increasing from south to north. The
economic losses caused by acid rain are also increasing year
by year. Soil in some areas is gradually increasing.
Acidification is a serious pollution problem in agriculture.
According to rough estimates, the area of farmland polluted
by acid rain in the mid-1980s has reached 40 million mu,
resulting in economic losses of more than 1.5 billion yuan
per year. In addition, some parts of China also suffer from
forest and water hazards, which seriously threaten the
ecological balance of [6-10].

Reciprocating porous medium combustion has higher
advantages than other combustion technologies in
improving combustion efficiency, expanding flammability
limit, saving fuel, improving environment and disposing of
all kinds of garbage and waste [11-14]. It is a combustion
technology with high combustion efficiency and low
pollution emission. This combustion technology is an
effective and practical combustion method in enhancing
combustion and emission control. Therefore, the
relationship between flow characteristics and efficiency of



reciprocating porous medium burner is analyzed by
modeling in order to improve fuel efficiency and reduce
environmental pollution.

2. Modeling and Analysis of Relationship Between
Flow Characteristics and Efficiency of Reciprocating
Porous Medium Burner

2.1. Establishment of physical model

According to the symmetry of the structure of
reciprocating porous medium burner and the periodic
interchangeability of the gas flow direction in the system,
the burner is simplified [15-18]. The physical model shown
in Figure 1 is established, which is divided into combustion
zone and regeneration zone. The combustion zone and
regeneration zone are cylinders, and the burner zone are
foam ceramic tile with high porosity, the regenerator area is
a regenerative sphere or honeycomb regenerator with low
void ratio, and the length of the combustion heat transfer

areais ¢ ; The gas flow area [19] on the outside of the two
ends of porous medium is one-twentieth of the length of the
porous medium area, and the total length is L . In order to
prevent the burner from tempering, a heat dissipation
aluminium ring jacket with a length of 40 mm is installed
outside the burner at the entrance of some premixed gases
[20-22]. The igniter is located at 2/3 of the burner length.

During the first half period lipn , some premixed gas
enters the burner from upstream of the burner at a flow rate

of % and initial temperature of Ti . At the same time, the

heated secondary air enters the burner at a flow rate of %2

and a temperature of LSS joins the primary air and
combusts after ignition by the igniter. The combustion
product passes through heat storage. The downstream of the
regenerator is excluded [23, 24]. The solid line in the figure
shows the direction of gas flow in the first half cycle. In the

-

second half cycle “#2, the premixed gas stops supplying.
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The secondary air enters from the downstream of the
regenerator at a flow rate of %2 and an initial temperature

of To. After heating in the regenerator area and the porous
medium combustion area, it flows out of the middle cross-
pipe mouth. It can also be seen in the figure that the distance
between the premixed gas inlet upstream of the burner and
the connecting point of the middle cross-pipe is relatively
small compared with the whole burner, and the proportion
of the premixed gas inlet in the whole calculation area is
relatively small [25]. The influence of the incoming flow of
the fresh premixed gas and the heated secondary air in this
section can be neglected. Therefore, in the first half of the
model processing, it can be considered that the primary and
secondary air has been premixed before entering the system
from the premixed gas inlet upstream of the burner [26].
Similarly, in the second half of the cycle, the outflow of
secondary air can also be considered as outflow from the
upstream middle cross-pipe of the burner. In this way, the
physical model can be simplified to one-dimensional
problem in the first and second half cycle.

2.2. Establishment of mathematical model

2.2.1. Establishment of model equation

According to the results of the physical model built in
Section 2.1, an axial coordinate system X is established. As
shown in Figure 1, for the combustion reaction process of
reciprocating porous burner in the first half cycle, a micro-
element is selected in the calculation area of physical model
[27, 28]. Considering the non-thermal equilibrium between
gas and solid phases, and according to the mass
conservation and energy in the micro-element body, the
conservation law is used to establish the one-dimensional
double temperature control equation for gas solid two

phase.
The continuity equation is:
0 0
(E/Og)Jr (ep,) ~0 0
ot Ox

a(cpgpng) +e a(cpgpguT) — 0

oT.
The energy equation of mixed gases is: & e—| A, —£ |+¢h W—hV(T —T,) 2
gy eq g o o Gx[ < o 0 g s @
oC.pT) o(.or) o
The energy equation for porous mediumis: (1—&)—2—"-=—| 1 —* |- i+ h(T,-T)— ET.-T,) 3)
ot Ox Ox Ox
ol L »
Xe
Secondary air
L igniter
A Lip1 S . ———  Combustion
Partial preheating gas <> < > Aside products
at flow rate u; and y

initial temperature 7,

Burning area

Heat storage area

I
Secondary air with flow rate

u, and initial tempe

Figure 1. Physical model of reciprocating

rature 7

porous medium combustion system
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The composition equation of the product is:
ap,Y) O(puY
(p, )+ (p, ):6(1) aY)JrW

ot x oax\ T foax

Q)

In the above equations, the porosity is &; 7 is

temperature; Y is product component; By is low calorific
value of fuel per unit mass; W is chemical reaction rate;

A

¢ is gas thermal conductivity; D is diffusion coefficient;

rg is gas specific heat; Cps is specific heat of porous

medium; 4 is the radiation of porous medium; S is wall
heat loss coefficient of combustion system; The subscripts
is a porous medium, and the subscript g indicates gas.

y)

s is the thermal conductivity of solid, and it can be
obtained by the following empirical equation.

A, =(1-£)(0.561-0.855log(T.)) )

h, is the volumetric heat transfer coefficient, which is
mainly obtained from the Nusselt number of dimensionless
volume as following Equation (6):

hd’
Nuv = yv_m 6
) (6)

The Nusselt number of dimensionless volume can be

obtained by the following Equation (7):

e

Nu,, = [0.0426+1'2)3(—6d’"j/Redm 7

d

The average pore size

aperture Re,,
Equation (8):

— ud’
dm = 4¢/7z-/ppc;Redm = Tm (8)

where PPC is the number of holes in porous medium in
a centimeter unit length.

Similarly, the second half cycle is a heating process in
which the secondary air flows backward from the
downstream of the regenerator into the system. There is no
combustion reaction, but a simple gas-solid two-phase heat
transfer process [29]. Therefore, the model equation in the
second half cycle can be further simplified as follows:

The continuity equation is:

oep,) Aepm) o
ot ox

The energy equation of mixed gases is:

- aC,.p.1,) s a(C,pai,T,) _

m and Reynolds number of

is are obtained through the following

ot B
or

22 Ze| -1 (10)

oxl % ox s

The energy equation for porous medium is:

(1o 2CupT) _ 0 [ﬂ g}_
cr

&x &

. (an
s h (T, -T) - (T, ~T,)
ox = . :

2.2.2. Treatment of chemical reaction source term
The combustion reaction is a very rapid exothermic
reaction. Natural gas is used as combustion gas, the main

component is methane, the content of which is up to 90%.
Because it combusts with a large amount of air to form a
lean gas, the proportion of other components is smaller [30].
Therefore, the combustion of other components can be
neglected and only the chemical reaction of methane
combustion can be considered. The stoichiometric equation
of chemical reaction can be expressed as follows:

CH, +247(0, +3.762N,) -
CO,+2H,0+2(5 -0, +2¢473.76N, (12

The experimental analysis shows that the oxygen
concentration in the gas is very high and the combustion
efficiency is very high when combustion is carried out in a
reciprocating porous medium burner, especially for lean gas
fuel with low calorific value. Therefore, in the model
calculation, the combustion reaction is considered to be
complete [31, 32]. In addition, the purpose of chemical
reaction item treatment is the main one. The effect of
thermal effect caused by combustion reaction on
temperature field is considered. According to Arrehnius
law, the thermal effect caused by one-step reaction is the
same as that caused by detailed reaction. Therefore, the
overall one-step irreversible reaction can be used to simplify
the combustion reaction. Since the combustion reaction is
assumed to follow Arrehnius law, the chemical reaction rate
equation is as follows:

W =A,p,(1-Y)exp(-E / RT;) (13)
where, the chemical reaction frequency factor

A; =2.6x 10%s 1, activation energy £ =130kJ /mol .

Therefore, in combustion reaction, only the molar
fraction of reactants and biomass components exists.
Therefore, when the biomass component ¥ <1 or not equal
to 1 in numerical simulation, it can be confirmed that
combustion reaction can not proceed steadily.

2.2.3. Treatment of radiation source term

On the one hand, natural gas becomes a gas fuel with
low calorific value after mixing with air, and the proportion
of combustible gas component is relatively small [33].
Therefore, the proportion of triatomic radiative gases such

as €O, and M,0 in the product is relatively small, and
the radiation ability is greatly reduced. On the other hand,
compared with the radiation effect of porous medium, the
radiation effect of gas is much less than that of porous
medium. The radiation effect of gas can be neglected. Only
the radiation effect of solids is considered. At the same time,
the radiation coefficient of foam ceramic medium and the
phase function parameter fluctuate less with wavelength
variation [34], so the wavelength effect can be considered
as smaller, the wavelength is treated as gray body. For the
micro-elements in the physical model area, the radiation
energy transfer is established as follows:

%@ _ —2::;{1@3&) +
cxX

LE(z,~7)=21,(0)+ | Ia(r')E(\r—f'pdfv] (14)

where, 1+(7) and £,(7) respectively denote black
body radiation intensity and n-order exponential integral
function, as shown in Equation (15):

Ib(r)=07T4;En(r)=J';§"2 exp(-7/4)dd (15)
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Porous ceramic foam is composed of a network
framework with twelve sides interpenetrating. It has high
randomness, uncertainty and complex structure. It can be
treated as a continuous medium, and the combustion of
porous medium makes the temperature distribution in the
combustion chamber more uniform. The gap is much
smaller, so that radiation mainly comes from the adjacent
point, and the radiation energy far away has been greatly
attenuated before reaching the micro-element [35].
Therefore, the radiation energy can be treated by the
diffusion approximation method based on the optical
thickness assumption, and the Rosseland diffusion equation
can be obtained as follows:

16 oT° dT
X)=——2 2 (16)

9() ===~
The Stephen-Boltzmann constant

0=567x10"W/m*-K and k is the radiation
attenuation coefficient.

By incorporating the above equations into the energy
equation of porous medium and combining them, the
expression (17) of energy diffusion equation of porous
medium can be obtained:

AC,pT) o, T

l—g)—2 sl = = (A )=+ h(T.-T
(I-¢) o 8x( éé)ax (T, =T) (17
where
16 oT?
Ay =A+ Y ka (18)

where, Ay is the effective conversion coefficient of heat
conduction.

2.2.4. Establishment of ignition model

The reciprocating porous medium burner is ignited by an
igniter. The ignition process is regarded as a uniform
exothermic process with constant flow [36]. The uniform
heat release rate is limited to the combustion area of porous
medium, and the heat source range is 1/50 of the whole
porous medium area. The corresponding model equation is
simplified as the relative heat transfer between gas and solid
with constant internal heat source [37]. The temperature at
which the ignition is stabilized is the initial value of the
ignition combustion as the mixed gas.

2.2.5. Initial boundary condition
1. Initial condition

When t=0,—0.05xe <x< L,then:
T,=T =Ty;Y =0u=u+u,

s i (]9)
2. Boundary condition
The first half cycle 0<z< Lyt > 0 ,  when
x =-0.05x, , then:
T,=(1-a)T,+al,,;Y, =0u=u +u, 20)
If X =L, thereis:
or, oy
—fE=—=0u=u+u, @n
ox Ox
If x=0 and x =0, there is:
or,
(1) 4 —r=-a (T, ~T)|.o 22)

O is the convection heat transfer coefficient,

o, =h,/169.4ppc ang PPC s the number of hole per
cm unit length.

The second half cycle t, St<2t,,u<0 ,if x=1L:
T,=T,Y, =0u=u, 23)
1f X =-0.05x, , there is:
or,
=0u=u, (24)
Ox

At x=0 and * = X there is:

oT,
(1-6)4, 2 =-a (T, ~T))

x=, (25)

3. Solid wall boundary

In order to prevent backfire, a cooling aluminium ring
with a length of 40 mm is installed at the inlet of the
premixed gas upstream of the burner. The heat loss

coefficient i is treated according to the unit length
uniform heat sink, and 1 200 is selected through the
comparison of the test results. Other avoiding areas adopt
better thermal insulation measures in the test process, with
less heat loss, according to adiabatic heat treatment.

2.2.6. Solution of mathematical model

Aiming at the established mathematical model equation,
variable of that dimension is 1 and parameter of that
dimension is 1 are introduced. The model equation and
boundary conditions are transformed into two dimension 1
forms. The finite volume method is used to discretize the
model equation, boundary condition and calculation area.
The model equation is solved by Gauss-Seidel iteration
method, and the combustion efficiency is obtained. The
calculation results of the rate can effectively analyze the
relationship between flow characteristics and efficiency of
the reciprocating porous medium burner.

Firstly, ignition simulation is carried out. Given constant

heat source o , the gas-solid two-phase energy equation of
constant internal heat source is solved. The obtained
temperature distribution field is taken as the initial ignition
temperature, and then the numerical simulation of system
combustion is carried out. Secondly, the position of the
flame is not predetermined, but by the energy balance of the
system itself.
X=x/x,0=T/T, B=ut!x,.t, = kx,
B, =uty /x,, M, =x; /A Re=uxyv.y, =4 /2,
Pr=pye, /A . Le=pec, DI hr=pC |pC,
E,=E/RT,,R = A4,x,/v.M=XhA_ H,=h/cT, 26
Nr=ki, 40T Nu=a.x, /(A +16cT. /3k)

In the above equation, X is the coordinate of that

dimension is 1; E, is the activation energy; @ is the
temperature; Le is Levis number; D is diffusion
coefficient; M is the convective heat transfer coefficient;
V is motion viscosity.

3. Results

In order to verify the validity of the model of the
relationship between flow characteristics and efficiency of
reciprocating porous medium burner constructed in this
paper, the application effect of the model is empirically
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analyzed. The main characteristic of porous medium
combustion is  “superenthalpy = combustion”. The
reciprocating thermal cycle porous medium combustion
system is also based on porous medium combustion.
Periodic reversing combustion achieves normal and stable
operation. Therefore, in the steady combustion process of
reciprocating porous medium burner system, there is also
the phenomenon of “superenthalpy combustion”.
Superenthalpy combustion has the characteristics of high
thermal efficiency and high combustion rate. The
experiment will start from the flow characteristics of the
burner, such as reversal half cycle, gas calorific value,
secondary air ratio and so on to analyze the validity of the
model.

The following characteristics are explained below.

Relative to superenthalpy 0, , a characteristic quantity used
to represent the “superenthalpy” combustion program of a
combustion system is defined by Hanamura, as shown in
Equation (27):

0 _ Hmax _1
r 27
eth -1 @7
where, O nax represents the maximum temperature of

reciprocating porous medium burner and O, represents the
theoretical adiabatic temperature of gas. In the reaction
model, only the products and reactants can be distinguished.
Therefore, combustion efficiency 77 is directly represented
by the biomass components calculated in the model. It
should be pointed out that the model in this paper uses an
irreversible reaction to approximate the combustion
reaction effect of the system. The reaction model is
relatively simple, only a simple qualitative analysis.

3.1. Impact analysis of commutation half cycle

In Figure 2, Reynolds number Re=10321, gas

calorific value o =348 secondary air ratio @ =0.2

porosity in the left end burner is €1, and porosity in the right

end burneris €2 = 0-51 When the heat loss coefficient in
left end is 1200, the influence of commutation half cycle on
relative enthalpy and combustion efficiency is analyzed by
the proposed model. As shown in the figure, for the relative
superenthalpy, the relative superenthalpy increases and the
combustion efficiency increases with the increase of the
commutation half cycle. It increases to the maximum at half

cycle B hp = 40 and then decreases gradually. This is
because when the calorific value of the gas is the same, the
maximum adiabatic theoretical combustion temperature
remains unchanged. From the analysis of Figure 2, it can be
seen that with the increase of half cycle, the maximum peak
combustion temperature is relatively small at the beginning,

relatively high at half cycle B = 40 , and then gradually
decreases.

Generally speaking, the effect of commutation half cycle
on relative superenthalpy is relatively small, it is equivalent
to that of commutation half cycle on combustion efficiency
of reciprocating porous medium burner, which is between
1.0 and 1.06. This is because when the calorific value of
premixed gas is fixed, the heat released from combustion is
fixed. Under normal combustion conditions, the change of
commutation half cycle is only an external factor to change
the maximum temperature of premixed gas combustion, not
an internal factor, so the influence is relatively small.

For combustion efficiency, at half cycle B = S , it is
relatively small, less than 0.9, and then increases rapidly,

reaching a higher level after B hp :40, then decreases
slightly, but the decrease is very small. Overall, except for
the small commutation half cycle, the combustion
efficiency is relatively low, and the overall combustion
efficiency remains at a higher level. Therefore, the model
can effectively analyze the relationship between
commutation half cycle and combustion efficiency.

A

11—

091~ Combustion efficiency

Relative enthalpy

| | | | | | | | | | | Ak_g
10 20 30 40 50 60 70 8 90 100 110 120

Half period of reversal ﬂh
D

0.8

Figure 2. Effect of half-period of commutation on the combustion
characteristics and efficiency of superenthalpy

3.2. Impact analysis of gas calorific value

Figure 3 shows the effect of gas calorific value on
relative superenthalpy and combustion efficiency when

Reynolds number Re=10321, half cycle By, =40 ,
secondary air ratio @ =0.2 | porosity in the left end burner

is € =0.85 , porosity in the right end burner is €2 = 0.51
in and heat loss coefficient in left end is 1200, the influence
of gas calorific value on the relative super-energy and
combustion efficiency is obtained from the model analysis
in this paper. As shown in the figure, for the relative
superenthalpy, the relative superenthalpy decreases rapidly
with the increase of the calorific value of the gas. When the

calorific value of the gas is H,=3.48 , the relative
superenthalpy basically approaches 1, and the hyperbolic
trend is obvious. The results show that with the increase of
calorific value of gas, the characteristic of “superenthalpy
combustion” decreases gradually, and the lower the
calorific value of gas is, the more obvious the phenomenon
of “superenthalpy combustion” is.

For combustion efficiency, with the increase of calorific
value of gas, combustion efficiency gradually increases, and
overall, combustion efficiency remains at a high level. This

is because when the calorific value of the gas H,=0.8 , the
peak value of the maximum combustion temperature is
smaller, the temperature distribution presents an inverted
“V” distribution, the burner has been in the extreme lean
combustion state, and the combustion -efficiency is
relatively low; With the increase of the calorific value, the
overall temperature level in the system increases, the peak
temperature gradually increases, and the combustion
efficiency gradually increases. Therefore, this model can
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effectively analyze the relationship between gas calorific
value and combustion efficiency.
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Figure 3. Influence of gas calorific value on superenthalpy
combustion characteristics and combustion efficiency

3.3. Impact analysis of the secondary air ratio

Figure 4 shows the effect of secondary air ratio on
relative superenthalpy and combustion efficiency when

Reynolds number is Re=10321, gas calorific value is

Hy =227 paifcycle is By, =40 , porosity in the left end
=0.85

burner is €

£, =0.51 and heat loss coefficient in left burner is 1200.
As shown in the figure, for the relative superenthalpy, the
relative superenthalpy is lower when the secondary air ratio
is @a=0.1. When a =0.2 the relative superenthalpy is
higher, then decreases gradually. With the increase of the
secondary air ratio, the maximum combustion peak
temperature is higher when the secondary air ratio is
a@=0.2, then decreases gradually, while the adiabatic
theoretical combustion temperature of gas combustion is
fixed. Therefore, the variation of relative superenthalpy is
similar to that of maximum combustion peak temperature.
At the beginning, the secondary air ratio is relatively high
when @ =0.2  and then decreases gradually.

For combustion efficiency, similar to the relative
enthalpy, it is relatively small when the secondary air ratio
is a = 3 and relatively high when the secondary air ratio is a
=1, and then gradually decreases. The main reason is the
analysis of the influence of the two wind ratio on the
combustion temperature distribution. Therefore, this model
can effectively analyze the relationship between the two air
ratio and combustion efficiency.

For combustion efficiency, similar to the relative
superenthalpy, it is relatively small when the secondary air
ratio is @ = 0.1 and relatively high when the secondary air
ratio is @ =0.2, and then gradually decreases. The main
reason is the analysis of the influence of the secondary air
ratio on the combustion temperature distribution. Therefore,
this model can effectively analyze the relationship between
the secondary air ratio and combustion efficiency.

, porosity in the right end burner is

i
I

Etea st oy

\
/

/ — e — -

Combustion efficiency

Relative enthalpy
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Secondary air than ¢y

Figure 4. Influence of secondary air ratio on combustion
characteristics and combustion efficiency

3.4. Influence analysis of reynolds number

Figure 5 shows the effect of Reynolds number on
relative superenthalpy and combustion efficiency of the

burner system when the calorific value of gas is H,=13.4
, half cycle is By =40 , secondary air ratio is @ =0.2,

porosity in the left burner is &1 = 0.85

burner is €2 = 0-31 and heat loss coefficient is 1200 in the
left. As shown in the figure, with the increase of Reynolds
number, the relative superenthalpy increases obviously and
shows a linear distribution relationship. The main reason is
that when the calorific value of the gas is constant, the
adiabatic theoretical combustion temperature of the gas
remains unchanged. With the increase of Reynolds number,
the combustion load of the system increases
correspondingly, the maximum peak temperature increases
gradually, and the relative enthalpy increases gradually,
showing an approximate linear relationship.

For the combustion efficiency, similar to the relative
superenthalpy, the combustion efficiency increases slightly
with the increase of Reynolds number, and overall, the
change is relatively small. With the increase of Reynolds
number, the maximum combustion temperature and
preheating zone temperature gradually increase, the
preheating effect of fresh gas gradually increases, the
combustion effect in high temperature zone increases, and
the combustion efficiency gradually increases. Overall, the
combustor combustion efficiency is very high, basically
maintained at more than 98%.

, porosity in the right
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Figure 5. Effects of reynolds number on combustion characteristics
and efficiency of superenthalpy

3.5. Comparison analysis of time-consuming

In order to verify the efficiency and stability of the
model, the results of the flow characteristics and efficiency
relationship model of reciprocating porous medium burner
based on energy spectrum analysis are compared. The time-
consuming results of analyzing the relationship between
reversal half-cycle, gas calorific value, secondary air ratio
and Reynolds number and combustion efficiency by the two
models are compared. The time-consuming results of
analyzing the relationship between flow characteristics and
combustion efficiency of reciprocating porous medium
burner by using the present model and the model based on
energy spectrum analysis are shown in Tables 1 and 2,
respectively.

Table 1. Results for the model in this article (s)

Half Gias
period of calorific S.econdary Reynolds
reversal value air than number
effect

1 0.36 0.42 0.41 0.42

2 0.42 0.35 0.47 0.5

3 0.35 0.36 0.4 0.39

4 0.47 0.42 0.42 0.39

5 0.52 0.36 0.43 0.42

6 0.32 0.33 0.44 0.45

7 0.25 0.36 0.45 0.44

8 0.36 0.36 0.48 0.35

9 0.35 0.38 0.26 0.32

10 0.41 0.35 0.41 0.31

11 0.47 0.41 0.35 0.36

12 0.45 0.4 0.38 0.28

13 0.43 0.37 0.36 0.35

14 0.42 0.38 0.24 0.41

15 0.41 0.38 0.35 0.26

The results of Table 1 show that the overall analysis of
the relationship between flow characteristics and efficiency

of reciprocating porous medium burner in the proposed
model takes less time than 0.5 s, the stability of this model
is strong according to the results of many measurements,
and the difference between the measurements is small.
Table 2. Time-use results of flow characteristic and efficiency

model of reciprocating porous medium burner based on energy
spectrum analysis (s)

Half period Gas calorific Secondary  Reynolds
of reversal value effect air than number

1 325 3.26 3.46 225

2 324 3.26 4.25 2.54

3 5.24 235 4.25 245

4 2.31 2.36 4.36 2.65

5 1.35 247 4.36 2.15

6 2.56 2.58 4.28 2.35

7 1.24 2.65 2.57 2.65

8 1.35 2.64 2.56 2.58

9 2.55 235 2.68 2.57

10 2.65 3.16 2.69 2.65

11 224 3.25 2.34 245

12 273 3.16 2.65 2.35

13 271 3.25 2.58 2.35

14 2.67 3.28 2.26 245

15 326 3.26 2.34 2.65

From the data in Table 2, it can be secen that the
relationship between flow characteristics and efficiency of
reciprocating porous medium burner based on energy
spectrum analysis takes longer time to analyze the
relationship between flow characteristics and efficiency of
reciprocating porous medium burner than that of the model
in this paper. The stability of the model can be seen from
many measurements. The difference between two adjacent
analyses is relatively high. Therefore, the results of Tables
1 and 2 show that the model presented in this paper has
strong stability and high efficiency in analyzing the
relationship between flow characteristics and efficiency of
reciprocating porous medium.

Comprehensive analysis of experimental results shows
that the model can effectively analyze the relationship
between flow characteristics and efficiency of reciprocating
porous medium burner, and the stability and efficiency of
the model is high, which has strong practicability.

4. Discussion

For the application of new combustion technology, a
large number of experimental studies are needed, and the
combustion mechanism and flow characteristics should be
analyzed so that it can be applied to industry. The premixed
combustion of porous medium gas should be further studied
in the following aspects.

1. Gas adaptability: It is not difficult to find that the
existing research results are mainly focused on the
numerical simulation and experiment of a single gas
source. Most of them are natural gas, a small part is
liquefied petroleum gas, and the combustion stability of
artificial gas with high tempering tendency in porous
medium.  Qualitative research on combustion
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characteristics has not been reported. Only the numerical

simulation of the effect of hydrogen addition on

Methane combustion in porous medium has been made.

The results show that the lean combustion limit is

enlarged and the combustion speed is doubled after

hydrogenation, but the results are not validated by
experiments.

2. Theoretical study of porous medium gas combustion-
heat transfer combined device with built-in cold source:
When heat exchanger is installed in the combustor, the
combustion stability of the high combination device is
new and different from that of the combustor only, and
the research results of foreign scholars are quite
inconsistent. Scholars in China have not done any
detailed research in this respect. Therefore, it is
necessary for us to study the feasibility and reliable
common stable working range of using multiple gas
sources according to the characteristics of gas supply in
China.

Academically, through research, we can deepen our
understanding of the complex physical and chemical
phenomena of porous medium combustion after the built-in
cold source, and clarify the combustion characteristics of
porous medium, including flame stability. The influence of
pollutant emission promotes the interdisciplinary
integration of porous medium combustion, radiation heat
transfer, chemical reaction dynamics and other disciplines,
and innovates while tracking the international academic
frontiers.

3. Equipment development: Taking porous medium
combustion device without or without built-in cold
source as object, a lot of research has been carried out
from theory to experiment, such as the mechanism and
characteristics of heat transfer enhancement, combustion
stability, pollutant emission, etc., so as to develop ultra-
miniaturized gas combustion equipment or combustion
heat transfer combination device.

5. Conclusions

In this paper, a new model to study the relationship
between flow characteristics and efficiency of reciprocating
porous medium burner is presented. Based on the structural
symmetry of reciprocating porous medium burning system
and the periodic exchange of internal gas flow, the physical
model of reciprocating thermal cycle porous medium
burning system is determined. On this basis, the
reciprocating porous medium burning system is
constructed. ~The mathematical model of flow
characteristics and efficiency of medium burner is
established, and the normalization and solution of the model
are designed. The relationship between flow characteristics
and efficiency of reciprocating porous medium burner is
analyzed effectively. From the experimental results, it can
be concluded that the model can better analyze the
relationship between the communication half cycle, gas
calorific value, secondary air ratio and Reynolds number
and combustion efficiency and combustion rate in
reciprocating porous medium burner. The model also
changes below 0.5 s when used. The reciprocating porous
medium burner flow based on energy spectrum analysis is
adopted. The relationship model between dynamic
characteristics and efficiency is used to analyze the

relationship between flow characteristics and efficiency of
reciprocating porous medium burner. The time consumed in
this model is more than 2 seconds longer than that in the
proposed model. It shows that the proposed model has high
analysis efficiency and practicability.
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Abstract

In order to solve the problems of low accuracy and long time-consuming of traditional obstacle avoidance path planning
methods for unmanned ground vehicle (UGV), an automatic obstacle avoidance path planning method based on improved bee
colony algorithm is proposed. Based on the analysis of the working principle of the bee colony algorithm, the differential
evolution algorithm is used to improve the local search ability of the bee colony algorithm; the kinematics model of the UGV
is constructed, and the improved bee colony algorithm is used to optimize the obstacle avoidance path planning of the UGV.
On this basis, the obstacles in the path planning are extracted by the multi-objective optimization algorithm. Finally, the obstacle
avoidance path automatic planning of UGV based on improved bee colony algorithm is completed. The simulation results show
that the maximum error of the proposed method is about 2%, and the planning time is short, so it has certain research value.
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1. Introduction

With the continuous development of science and
technology, vehicle engineering technology has been
developing rapidly. UGV has emerged to meet the needs of
social development. UGV is applied in various working
conditions, which saves manpower and material resources
and creates certain economic benefits [1]. Obstacle
avoidance path planning is a key point in the research of
UGYV. Obstacle avoidance path refers to that after receiving
effective environmental information, the UGV evades
obstacles, selects the shortest route and saves time, and
plans a shortest and optimal path at the starting point.
Therefore, it is of great significance to study the automatic
planning of obstacle avoidance path for UGV. The bee
colony algorithm is applied to the obstacle avoidance path
planning of UGV to improve the working efficiency of
UGV. Bee colony algorithm is artificial bee colony
algorithm, referred to as ABC algorithm, which has certain
swarm intelligence [2]. By simulating the behavior of bee
colony evolution, the algorithm optimizes the problems
existing in the process of its movement. However, with the
increasing complexity of the solution space dimension and
multi-objective search, the disadvantages of the algorithm
are also exposed. The convergence speed of the algorithm
is slower and slower, and the precision of local optimal
search is lower. The algorithm is good at finding problems,
but it is poor in dealing with the problems found. Therefore,
the artificial bee colony algorithm is improved and applied
to the obstacle avoidance path planning of UGV, so as to

* Corresponding author e-mail: shuifang5218@163.com.

improve the working efficiency of UGV. Therefore,
researchers in this field have done a lot of research.
Reference [3] proposed a convex approximation
obstacle avoidance path planning model prediction method
for unmanned vehicles. This method analyzes the convex
approximation principle of obstacle avoidance, optimizes
the selection point of obstacle reference point, and expands
the range of obstacle avoidance path. Through the
improvement of the method, with the help of model
predictive control and curvilinear coordinate system, the
external conditions of UGV, the geometric constraints of
the Road, the structural constraints of vehicles, the shortest
obstacle avoidance path and the lateral speed of vehicles are
taken into account proportion, complete the path planning
of vehicles under the influence of complex obstacles. This
method can obtain a reasonable and smooth path and avoid
obstacles in the vehicle path. However, this method is easy
to be affected by external factors when comprehensively
analyzing vehicle factors and road factors, resulting in low
accuracy of obstacle path planning, which is not conducive
to universal application. In Reference [4], a dynamic
obstacle avoidance oriented rolling time domain path
planning method for intelligent vehicles is proposed.
Aiming at the problem of vehicle avoiding obstacle path
planning in low speed environment, the vehicle lane is
divided according to certain rules, and the boundary of
vehicle road is fitted by cubic Lagrange interpolation
method. The dynamic traffic scene is simulated with the
help of regional virtual force according to the divided lane
area, the vehicle kinematics model is constructed, the
obstacle model is predicted, the vehicle and obstacle are
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avoided, the control input of vehicle model, state variables
and other dynamic constraints are integrated, and the multi-
objective rolling time domain controller is established to
obtain the control value of vehicle front wheel angle and
avoid obstacles. This method can effectively avoid
obstacles, control the vehicle moving forward target, and
ensure the effective planning of vehicle obstacle avoidance
path. However, this method takes a long time to plan the
path in the process of model building and vehicle virtual

force field, and has certain limitations. Reference [5]

proposed a path planning method for unmanned vehicles

based on improved RRT algorithm. In this method, two

RRT trees are generated at the beginning and the end at the

same time, and the parallel multiple paths are calculated.

The evaluation function is used to select the optimal path,

and the path is optimized and smoothed. The algorithm

efficiency of this method is high, but the method is simple,
and the factors considered are less, and the planning
accuracy is not good.

Based on the above problems, this paper proposes an
automatic obstacle avoidance path planning method based
on improved bee colony algorithm. Based on the analysis of
the working principle of the bee colony algorithm, the
differential evolution algorithm is used to improve the local
search ability of the bee colony algorithm; the kinematics
model of the UGV is constructed, and the improved bee
colony algorithm is used to optimize the obstacle avoidance
path planning of the UGV, and the automatic obstacle
avoidance path planning of the UGV based on the improved
bee colony algorithm is completed. The technical route of
this paper is as follows.

1. The basic working principle of bee colony algorithm is
analyzed, and the differential evolution algorithm is used
to improve the bee colony algorithm;

2. The kinematics model of UGV is constructed, and the
operation mode of UGV is analyzed;

3. The improved bee colony algorithm is used to optimize
the obstacle avoidance path planning of the UGV. The
obstacles in the path planning are extracted and
optimized by the multi-objective optimization
algorithm. The obstacle avoidance path planning of the
UGV based on the improved bee colony algorithm is
completed.

4. Experimental analysis.

5. Conclusion and future prospects.

N

. Bee Colony Algorithm and Its Improvement

Artificial bee colony algorithm is an optimization
method proposed by imitating the behavior of bees. It is a
specific application of the idea of cluster intelligence. Its
main feature is that it does not need to know the special
information of the problem, and realizes the optimal bee
colony based on the calculated probability solution. The
solution only needs to compare the pros and cons of the
problem. Through the local optimization behavior of each
artificial bee individual, the global optimal value is finally
brought out in the group, with a faster convergence rate.

2.1. Working principle of artificial bee colony algorithm

Artificial bee colony algorithm is a kind of intelligent
optimization algorithm based on honeybee’s honey
collecting behavior. In the process of optimization, the
algorithm takes into account the exploitation and search of
food sources, to a certain extent, surpasses the local

optimum and finds the global optimum with the maximum
probability [6]. In each search process, the bee colony
follows the forerunner to find the target and the optimal path
solution. If the food source is found to fall into the local
optimum, he will choose to explore other food sources. The
artificial bee colony algorithm uses the fitness value
guidance method for global optimization. The fitness
function is used to explore the minimum value optimization:

>0
=1y 0

1+abs(y,) y,<0

In the formula, Vi
function to be processed.

In the process of global optimization, artificial bee
colony algorithm needs to determine the population, the
number of iterations and the control factors. In the search
space, multiple initial solutions are generated randomly.

174

represents the global objective

represents the number of food sources, the

N

Suppose

number of each food source is

solution x(i=1,23..N) is a multidimensional vector
, which is the number of parameters to be optimized.

On the basis of the above analysis, the subsequent wasps
search the optimal solution effectively. Each member of the
bee colony searches to produce a new candidate food source
[7], namely:

lic = ‘xic + lgi(‘(xiz‘ - xdc) (2)
del,2,3.N ce(l,2,3.7) 9,

, and each optimal

n

In the formula,

any number in the range of [0,1], and d#c , a new fitness
function is obtained and evaluated:
d
Sxic = 1 + ‘xic (3)
1+abs(x,)d
After the bee colony completes the search of the optimal
food source, it will share the final high-quality information

with its peers [8, 9]. The probability of the bee colony to
select the food source is as follows:

G = Nsyi
stic
= “4)
or G, = i
max(sx,,. )

According to the probability solution obtained by the
above calculation, if the solution is greater than any number
between [0,1], then it means that the bee colony has not
obtained the optimal solution and continues to calculate. If
the solution exceeds the range, it indicates that the optimal
solution is obtained. Therefore, the solution can be retained
and the optimal solution can be obtained by continuous
search.

2.2. Improvement of artificial bee colony algorithm based
on differential evolution algorithm

In the artificial bee colony algorithm, when searching
the optimal solution, the bee colony search will only
randomly select a food source nearby, and can not obtain
more food sources with the help of other information, which
will lead to the food quality guarantee, resulting in the weak
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search function of the bee colony algorithm. Therefore, this
paper uses differential evolution algorithm multi artificial
bee colony algorithm to improve the global search ability of
bee colony algorithm [10].

Set the individual optimal value to p , the improved
artificial bee colony algorithm is improved by considering
other interference factors:

9. =X, @, (p, —x,.)+

T (x[cd - xich)

®)

In the formula, I1, represents a different source of

food, @ represents a factor that interferes with a colony’s
search for food. When the difference between the food
source found by the bee colony and its corresponding fitness
is large, interference individuals will be generated in its
search process. These individuals have strong interference
ability, which will affect the direction of the bee colony
algorithm, affect the global optimization, and otherwise
affect the convergence of the algorithm [11]. Therefore,
considering that the bee colony can get the best food as soon
as possible, the selection probability is optimized, that is:

G =(—2)x10%+0.9 ©)
max sy,

In the formula, max sy represents the maximum fitness
value of the food source.

3. Obstacle Avoidance Path Planning of Unmanned
Ground Vehicle Based on Improved Bee Colony
Algorithm

3.1. Kinematics model construction of unmanned ground
vehicle

In order to realize the automatic path planning of the
UGV, it is necessary to analyze the operation mode of the
UGV. In this paper, the kinematics model of UGV is
constructed, and the operation mode of UGV is analyzed.

Suppose the coordinate system of the outer body of the

UGV is aob , its inertial coordinate system is A0B , the

@ axis of the outer body of the UGV overlaps with the main

shaft of the vehicle, they’re all UGV, its A axis is on the
right side of the unmanned vehicle, and its inertial
coordinate system a-axis keeps the same direction with the
vehicle's moving direction, and its b axis is on the right
side of the vehicle’s driving direction [12]. The motion
model of the UGV is shown in Figure 1.

B

© ACD A
Figure 1. Motion model of unmanned ground vehicle
In Figure 1, (4(®).5(0))

axis coordinate system of the rear wheel of an UGV, !

represents coordinates in the

represents the operating time of the UGV, € represents the

yaw angle of the UGV, / represents the angle of rotation
of the front tire of the unmanned floor, L represents the

distance between the front and rear axle of an UGV, (a.b)
represents the longitudinal and transverse running speed of
the vehicle in the coordinates of the UGV. According to the
operation model of the UGV, the kinematic model of the
UGV is constructed as follows:

A(t)=a(t)cose(t)+bsine(t)

B(t) = asine(t)+bcose(t) @)
_atan f ()

f(@) = —

3.2. Obstacle avoidance path planning of UGV based on
improved bee colony algorithm

In the improved bee colony algorithm, its fitness
function is the key factor of obstacle avoidance path
planning [13]. The UGV must successfully avoid obstacles
and arrive at the destination with the shortest time and
shortest path, so as to improve the working efficiency of the
UGV. In the obstacle avoidance path planning, the safety
and length of UGV are regarded as the key points of path
planning. Obstacles cannot overlap with the driving path of
UGV [14-16].

Assuming that the penalty function = 7" of an
obstacle free path is not greater than the barrier free distance

/4 . . .
s of the UGV, the punishment intensity of the path
increases according to the shortest distance between the

H
obstacle and the UGV ~~ 745 ig:

_ {Tsafe’ 0 < Tsaj'é < Wmfe (8)
unish
g O’ Tsafe > VVsaﬁz
VVsafe = minmin
cvo o puelll]
. . ©)
(@) =0, +(b()~0,)
a(u) bu)

In the formula, represents the coordinates

of each point when the UGV is running, % s %

representing the center of an obstacle in an UGV ’s path, @
represents the total set of obstacles in the route.

When the minimum distance between the driving route
and the obstacles is greater than the safe distance, the
distance of the driving route of the UGV needs to be
analyzed. Among them, the minimum length of the shortest
distance traveled through the obstacle [17, 18], and the
penalty function of the minimum length of the driving path
of the UGV is:

K= J@'(w)? + (' () dg (10)

According to the judgment of the distance between the
UGV (UGV) and the obstacles, the objective function of its
travel path is designed, and the automatic planning of the
obstacle avoidance path of the UGV is completed:

R=vH,, . +0,W,, (11)

punish
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In the formula, U‘, Y2 for the specific gravity

coefficient, the path length of UGV and the proportion of
obstacles in path planning are adjusted by specific gravity
coefficient.

On the basis of the above obstacle avoidance path
planning, it is necessary to further optimize the extraction
of multiple obstacles in the planning path. Therefore, the
multi-objective optimization algorithm is used to optimize
the planned obstacle avoidance path [19, 20]. In the actual
operation process of UGV the diversity index of obstacles
can obtain the uniformity degree of planned route
distribution, which is expressed by the following formula:

m, +m, + i‘m, —Z‘
A= = (12)
m,+m,(n—1)m

m
In the formula, =/ represents the extreme value of the

route planning, My represents the Euclidean distance of the
boundary solution of the route, / represents the number of

planned routes for obstacle avoidance paths,  represents

the average value of Euclidean distance " Of which:
2m

i1 (13)

m=——-——

n—1

When calculating the maximum distance between the
two farthest obstacles, it is necessary to consider the
maximum coverage of obstacles in the path:

F B 1 Zh: min(V;max’iimaX)_maX(V;min’A[min)
z = I/imax _ /fiimin (14)
max min
Inthe formula, "/ and "/  represents the maximum

and minimum of the actual obstacle coverage. In this case,
the larger the value, the larger the coverage.

The width of obstacles is an important factor affecting
the normal passage of UGV [21]. The distribution range of
obstacle target space can be calculated by the following
formula, namely:

h
R= max(V;)—min(V,
J Y max(?)~min(/) s
In the formula, h represents the number of obstruction
max(¥,)

targets, represents the maximum objective

function of an obstacle in route planning, min(¥;)
represents the minimum value of the objective function of
an obstacle in route planning [22].

The automatic path planning flow of UGV based on
improved bee colony algorithm is shown in Figure 2.

Parameter initialization of improved
bee colony algorithm

Food source
initialization

Sorting of bee colony searching distance

The bee colony found the local optimal food source
and formed a new food source

Unmanned ground vehicle

Get obstacles in the route

Form a new route

Obstacle extraction is optimized by multi-objective
optimization algorithm

Whether the planting
conditions are satisfied

Output optimal planning path

Figure 2. Automatic path planning process of UGV based on improved bee colony algorithm
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4. Experimental Analysis
4.1. Experimental environment

In order to verify the scientific effectiveness of this
method, simulation experiments are carried out. Methods
[3] and [4] were used as experimental comparison methods.
The experiment was carried out in the laboratory. The
experiment is carried out in MATLAB 7 0 platform. The
operating system of the experiment is windows 10 system,
with 8GB memory and 3.6ghz CPU. Simulate UGV driving
and obstacle avoidance path planning. The specific
experimental environment is shown in Figure 3.

(a) Simulation of UGV

(b) Obstacle avoidance of unmanned ground vehicle

Figure 3 Real-time experiment
4.2. Experimental parameters

The experimental parameters are shown in Table 1.

Table 1 Experimental parameters

Parameter Value
Number of obstacles/piece 10
Vehicle speed/M/S 5
Number of lanes 4
Iterations/times 10
Running time/min 60

4.3. Experimental indicators

Under the above experimental parameters design, the
simulation experiment analysis is carried out. The error of

obstacle avoidance path planning, the planning time and the

effect of path planning are taken as the experimental indexes

for experimental analysis.

1. Obstacle avoidance path planning error: obstacle
avoidance path planning error is an important indicator
to measure the proposed method. The lower the planning
error is, the better the effectiveness of the method is.

2. Time consuming for obstacle avoidance path planning:
the shorter the time required, the more efficient the
vehicle can be.

3. Obstacle avoidance path planning effect: in the obstacle
avoidance path planning of UGV, the search of obstacle
free path is the key factor to improve its operation
efficiency, which can improve the effect of path
planning.

4.4. Experimental results

4.4.1. Error analysis of obstacle avoidance path planning
with different methods

In order to verify the scientific effectiveness of the
proposed method, the errors of the proposed method, the
method in Reference [3] and the method in Reference [4]
are analyzed experimentally. The lower the planning error
is, the stronger the usability of the method is. The
experimental results are shown in Figure 4.

10
= =@ — Reference [3] method
8 = ©O. — Reference [4] method
= = The proposed method
5
=]
o
o
]
‘g
5
=

Iterations/times

Figure 4. Comparison of path planning errors of different obstacle
avoidance methods

It can be seen from the analysis in Figure 4 that there is
a certain gap in the errors of the proposed method, the
method in Reference [3] and the method in Reference [4]
under the same experimental environment. The maximum
error of the proposed obstacle avoidance path planning
method is about 2%, and the planning errors of the methods
in References [3] and [4] are higher than those of the
proposed method. This is because the proposed method
improves the artificial bee colony algorithm and constructs
the motion model of UGV. According to the motion model,
the obstacle avoidance path planning accuracy of the
method is improved, the path planning error of the method
is reduced, and the scientific effectiveness of the method is
verified.

4.4.2. Time consuming analysis of different obstacle
avoidance path planning methods

In order to verify the reliability of the proposed method,
the time consumption of the proposed method, the method
in Reference [3] and the method in Reference [4] are
analyzed experimentally. Among them, the shortest time-
consuming method of obstacle avoidance path planning is
better. The experimental results are shown in Figure 5.
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Figure 5. Time consumption comparison of different methods for
obstacle avoidance path planning

From the analysis of Figure 5, it can be seen that there is
a big difference in the time consumption of the proposed
method, the method in Reference [3] and the method in
Reference [4] for obstacle avoidance path planning of UGV.
When the number of iterations is 3, the planning time of the
proposed method is about 8 s, the planning time of
Reference [3] method and Reference [4] method is about 22
s and 23 s respectively; when the iteration number is 7, the
planning time of the proposed method reaches the minimum
value, which is about 4 s, and the planning time of the
method in Reference [3] and Reference [4] is about 23 s and
24 s, respectively; In contrast, the proposed method takes
much less time than the other two methods. This is because
the proposed method can evaluate the penalty function of

Oobstacle

—) star

(a) Original route

end

star  (¢) Obstacle avoidance route

planning based on Reference [3]

> end

obstacles through the motion model of UGV, which
improves the planning speed and verifies the scientific
effectiveness of the proposed method.

4.4.3. Effect analysis of different methods for obstacle
avoidance path planning

In order to further verify the scientific effectiveness of
the proposed method, the effect analysis of the proposed
method, the method of Reference [3] and the method of
Reference [4] in obstacle avoidance path planning are
analyzed experimentally. The experimental results are
shown in Figure 6.

It can be seen from the analysis in Figure 6 that there are
some differences in the effects of the proposed method, the
method in Reference [3] and the obstacle avoidance path
planning method in Reference [4]. Among them, the
obstacle avoidance path planning of this method is
relatively stable, the shortest path can be found, and there
are no obstacles to successfully reach the destination. The
Reference [3] method has poor obstacle avoidance effect.
When encountering obstacles, the selected path is long, and
the planned path is not the optimal path. Because the robot
will change the direction at a fixed angle, the path obtained
in the real-time implementation process is not smooth.
Referring to [4], the obstacle avoidance method can
effectively judge the location of obstacles, but the planned
path distance is long and the planning effect is poor. In
contrast, this method can effectively avoid obstacles and
reach the destination smoothly, which verifies the
comprehensive effectiveness of this method.

end

star
(b) Obstacle avoidance route planning
based on the proposed method

end

star
(d) Obstacle avoidance route

planning based on Reference [4]

Figure 6. Comparison of different obstacle avoidance path planning methods
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5. Conclusion

The obstacle avoidance path planning of UGV is

a complex planning problem. In order to avoid the
collision between UGV and obstacles, it is necessary
to ensure the optimal route of obstacle avoidance
path for UGV. Based on this, this paper proposes an
automatic obstacle avoidance path planning method
based on improved bee colony algorithm. This paper
analyzes the working principle of the bee colony
algorithm, as to improve the bee colony algorithm
with differential evolution algorithm in order to
enhance the local search ability of the bee colony
algorithm. The study constructs the kinematics
model of the UGV, and uses the improved bee colony
algorithm to optimize the obstacle avoidance path
planning of the UGV, and completes the automatic
obstacle avoidance path planning of the UGV based
on the improved bee colony algorithm. Compared
with traditional methods, the proposed method has
the following advantages:

1. The error of obstacle avoidance path planning
using the proposed method is low, the lowest is
about 2%, which verifies the accuracy of the
proposed method;

2. When the proposed method is used for obstacle
avoidance path planning, the shortest time is
about 4 s, which verifies the efficiency of the
proposed method;

3. In the experiment of obstacle avoidance path
planning, the path planning of the proposed
method is the best and the effect is good.
Although this paper has achieved some research

results at this stage, there are still many deficiencies.

In the future, it will be improved in the following

aspects:

1. When improving the bee colony algorithm, we
should pay more attention to the global
optimization to avoid the defect of local
optimization;

2. In the path planning of obstacle avoidance, the
kinematic model of multiple parts of UGV should
be considered when constructing the kinematics
model of UGV, so as to improve the planning
accuracy of obstacle avoidance path.
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Abstract

In order to improve the stability and dynamic performance of the aircraft electromechanical speed control system, the
interference suppression control method is proposed. Firstly, the interference factors of the speed regulation system are
analyzed in detail, and then the chaotic mutation attractor is introduced into the quantum particle swarm optimization algorithm
by using intelligent optimization method. The nonlinear model of the aircraft electromechanical control system is established
to realize the tracking and identification of the parameters of the aircraft electromechanical speed regulation system.
Accordingly, the PID control method is improved, and the interference suppression of aircraft electromechanical speed
regulation system is realized. The simulation results show that the control method has high control accuracy, good dynamic
and static characteristics, and also has good performance in resisting disturbance. The purpose of improving the transient
stability of power system is realized.
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measurement error, which makes it difficult to
accurately model it. So and Jin introduced the
nonlinear robust control method into the design of
speed controller[4]. The disadvantage of this method
is that the control law obtained is aimed at the system
after feedback linearization, which does not have
strict robustness for the original nonlinear system.

PID (proportional integral differential) control
algorithm is a control algorithm combining
proportional, integral and differential [5]. It is the
most mature and widely used control algorithm in
continuous system. The essence of PID control is to
operate according to the function relationship of
proportional, integral and differential according to
the input deviation value, and the operation results
are used to control the output.

Based on this, an interference suppression control
method for aircraft electromechanical speed control
system is proposed. Based on the detailed analysis of
the interference factors of the speed regulation
system, the intelligent optimization method is used to
optimize the quantum particle swarm optimization
algorithm, and the parameters of the aircraft

hi ) h ffectively i N electromechanical speed control system are tracked
This control method can effectively improve the and identified. Based on the tracking and

lsltabq;ty of thehsystem. However,hthls metlllod re(lllels identification results, the PID is improved to improve
eavily on the accurate mathematical ~model. the stability and dynamics of the aircraft

However, in the actual power system, there are .
) 4 rtain fact p " Y . t: d electromechanical speed control system State
various uncertain factors, such as interference an s
’ performance objectives.

1. Introduction

The scale and complexity of modern power
system is increasing day by day. It has become a
large-scale dynamic system with strong nonlinearity,
changeable structure and a large number of
disturbances [1]. For aircraft electromechanical
system, improving its stability and dynamic
performance has become an important topic [2]. The
control of aircraft electromechanical speed control
system is one of the most effective and economical
means to improve the stability and dynamic
performance of power system with large disturbance.
In recent 20 years, with the development of modern
control theory, various control strategies, such as
linear optimal control, robust control and nonlinear
control, have been applied to aircraft
electromechanical speed control system. Among
them, Fang and Shi put forward a differential
geometric control method based on feedback
linearization, which successfully solved the problem
of decentralized stabilization of multi-machines [3].

* Corresponding author e-mail: zhqian020@126.com.
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2. Interference Analysis of Aircraft
Electromechanical Speed Control System

2.1. Electromagnetic interference sources

In the aircraft electromechanical speed control
system, the high voltage change rate and current
change rate produced by IGBT (Insulated Gate
Bipolar Transistor) devices in the switching process
are the source of EMI (Electromagnetic
Interference). For conducted electromagnetic
interference, according to the provisions of GB
12668.3 on electromagnetic compatibility of speed
regulating electric drive system [6], the frequency
range of conducted electromagnetic interference is
150 kHz~30 MHz. In this paper, the transient process
of IGBT is analyzed carefully when the conducted
EMI of speed control system is analyzed accurately.

Considering that the research object of this paper is
the aircraft electromechanical speed control system,
the double pulse experiment is used to analyze the
on-off characteristics of IGBT [7], and the circuit
schematic diagram shown in Figure 1.

Cres=Ceq is the transfer capacitance (Miller
capacitor), Coes=CecetCcg is the equivalent output
capacitance, Cies=Ccgt+Cqe is the equivalent input
capacitance, and Cj is the radiator parasitic
capacitance. The equivalent circuit of on and off is

shown in Figure 2.

The transient diagram of voltage and current is
analyzed in the process of turn on and turn off, as
shown in Figure 3.
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Figure 1. PID device circuit diagram
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Figure 2. Equivalent circuit diagram of switching process



© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665) 21

It can be seen from Figure 3 that the current or
charge of the field source will produce
electromagnetic radiation with time. The intensity of
electromagnetic radiation depends on the frequency.
The higher the frequency, the greater the intensity of
electromagnetic radiation. According to the types of
interference, radiated electromagnetic interference
can be divided into differential mode radiated
interference and common mode radiated
interference. Among them, the differential-mode
radiation interference mainly refers to the
electromagnetic radiation caused by the high-
frequency signal loop. Common-mode radiation
interference is mainly electromagnetic radiation
caused by common-mode interference current
flowing through cables or other long conductors.

2.2. Electromagnetic interference coupling path
analysis

In the analysis of electromagnetic interference,
mainly from the perspective of three elements of
electromagnetic interference: (1) interference source;
(2) coupling path; (3) sensitive equipment. The

ontrol Sl Meature Analyze  Utilities Holp
Requisition s stopped.

0 . 6

[(H _ EIE B3

1,38 PM

coupling path is the propagation channel between the
interference source and the sensitive equipment of
the speed control system.

These two aspects are also considered in the
analysis of conducted EMI path. The common mode
interference is mainly due to the high voltage change
rate of the power switching device when switching,
which acts on the parasitic capacitance of some main
components to the ground; the differential mode
interference is mainly due to the high current change
rate of the power switching device when switching,
which acts on the parasitic inductance of some main
components. The conducted EMI path is shown in
Figure 4.

According to the analysis in Figure 4, there are
two common mode interference propagation paths of
the speed regulation system studied in this paper: one
mainly propagates at the rectifier side and the other
mainly propagates at the inverter side. The analysis
ofradiated EMI also needs to start from three aspects:
interference source, propagation path and sensitive
equipment. The propagation path of electromagnetic
radiation interference is shown in Figure 5.
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In Figure 5, the frequency converter and the
internal wires of the system are the main radiation
sources, while the motor and other equipment around
it is the main sensitive equipment. The
electromagnetic wave emitted by the radiation source
acts on the motor through space propagation. After
the electromagnetic radiation is coupled into the
circuit, the motor continues to radiate to the outer
space and acts on other sensitive equipment around
the motor. Through the above analysis, there are
many types of radiation transmission forms in the
aircraft electromechanical speed control system
studied in this topic. In the speed control system, all
components are connected by wires, so the high-
frequency current flowing through the wires will
radiation

make the wires become the main

interference. According to the analysis of
interference, it also points out the direction of
interference suppression. How to accurately track
and identify the parameters of aircraft
electromechanical speed control system and provide
the basis for its interference suppression control is the

focus of this paper.

3. Parameter Tracking and Identification of
Aircraft Electromechanical Speed Control
System Based on Intelligent Optimization

Aircraft electromechanical speed control system
is characterized by nonlinear structure, and it is easy

to seriously affect the dynamic characteristics of the

_
_

electromagnetic

radiation et
~

~

))

Frequency
converter

system under large disturbance, which leads to
discontinuous output of the system. Therefore, chaos
mutation is introduced into quantum particle swarm
optimization algorithm, and an improved quantum
particle swarm optimization algorithm is proposed,
which realizes parameter tracking and identification

of aircraft electromechanical speed control system.

3.1. Parameter tracking and identification of
aircraft electromechanical speed control system
based on improved quantum particle swarm
optimization algorithm

Accurate aircraft electromechanical speed control
system is not only the basis of governor controller
design, but also has important value for dynamic
analysis of speed control system. Due to the complex
nonlinear characteristics of aircraft
electromechanical system, the current intelligent
identification method is only limited to black box
modeling, which is difficult to be applied to
parameter tracking identification of aircraft
electromechanical control system. The intelligent
optimization algorithm is not only suitable for linear
system parameter tracking identification, but also
suitable for solving complex nonlinear system
parameter tracking identification. Aiming at the slow
convergence speed in parameter identification of
nonlinear aircraft electromechanical regulation
system, an improved quantum particle swarm

optimization algorithm is proposed.
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Figure 5. Radiation interference mode
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In order to avoid premature convergence of the
algorithm and improve the global search
performance, chaotic mutation attractor is introduced
into the algorithm. According to a certain probability,
the population will generate mutation operation and
generate population attractor to improve the diversity

of the population. The mutation operation is as

follows:
{yl(t) =mod[y, (1~ 1)] M
Yy (t) = cos(2zy, (1 =1) +e~1y,(t 1))
The local attractor of the population is:
if
r>P (1)
then
- a0 best +—22 (@) pbest (2)
P(D) + ¢, () @1 () +¢,(2)
else

J = B, gbest + B, pbest

where ¥ ® and ?,(1) is the distance between

(@ and V2 ® with the attractor, P is the rated

output power, r is the actual output power, and

B

B, is the contraction coefficient.

According to the above equation, the particle state
update equation in the improved quantum particle

swarm optimization algorithm is as follows:

1 =J+ ﬁ|gbest,.’i;l - t,.’ij|1n(%) 3)

To sum up, the calculation steps of the improved
quantum particle swarm optimization algorithm are
as follows:

1. Initializing the population;

2. The creation coefficient decreases linearly from
1.0 to 0.5 with the number of iterations;

3. Calculate the average best position of the
population;

4. The fitness value of each particle is compared
with the best position of the particle individual,
and if the former is better, it is regarded as the best
position of the current individual;

5. Comparing the fitness value of each particle with
the global best position, and if the former is better,
taking it as the global best position;

6. Refreshing the new position of particles;

7. Calculate the variance of population fitness. If the
variance is less than the value of C (judging
whether the population falls into premature
convergence or not, the value of C depends on the

specific situation), conduct chaotic search for N
times to obtain the optimal solution vector and the
corresponding fitness value. If the fitness value is
less than the global optimal fitness value, this is
the global best position;

8. If the termination condition is not met, return to
(2); Otherwise, the algorithm ends.

The pseudo code of the algorithm is as follows:
procedure PSO
for each particle i
Initialize velocity Vi and position Xi for
particle i
Evaluate particle i and set pBesti = Xi
end for
gBest = min{pBesti}
while not stop
fori=1to N
Update the velocity and position of
particle i
Evaluate particle i
if fit (X7) < fit (pBesti)
pBesti = Xi,
if fit(pBesti) < fit (gBest)
gBest = pBesti,
end for
end while
print gBest

end procedure

3.2. Parameter tracking and identification of
aircraft electromechanical speed control system

The basic idea of the nonlinear model based on
intelligent optimization algorithm is to transform the
parameter tracking identification problem into the
optimization problem of solving the extreme value of
fitness function [8]. Set the physical parameters to be
identified as the particles of the population, establish
the fitness function according to the output response
of the identification model, and continuously adjust
the particles of the population according to the
evolution strategy of the intelligent optimization
algorithm. When the fitness function exceeds a
certain threshold or the evolution algebra reaches the
set value, that is to say, the globally optimal particle
is considered to be the solution of the extremum
problem [9]. Based on this, the nonlinear model of
aircraft electromechanical control system as shown
in Figure 6 is established.
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Figure 6. Nonlinear model of aircraft electromechanical
control system

Considering that different parameter
combinations may correspond to the same system
output, unit speed, transmission distance and main
receiver stroke are selected as system outputs, and
the degree of fitness function evaluation and
identification model approaching the original model

is evaluated as follows,

N

| < U . \2 A2
ﬁtness:ﬁ(Z(xi—xi) +Z(mi—mi) Y (n-3)) @

i=1

where %"V is the i sampling value of the

original system output unit speed, transmission

A

distance and main receiver stroke, and Yo mf .V, TS
the i sampling value of the identification model
output unit speed, transmission distance and main
receiver stroke.

The system input and output data required for
identification are generated by simulation test. The
simulation test of turbine governing system includes
no-load disturbance test and load disturbance test.
The simulation test time is 10 s, the sampling
frequency is 1000 Hz, the maximum iterations of the
algorithm is 30 times, and the independent operation
is 12 times. The experimental results are shown in
Figure 7.

It can be seen from the middle Figure 7 that the
error between the system response of the
identification parameter mean value and the dynamic
response of the aircraft electromechanical regulation
system under the set parameters is very small, so it is
difficult to distinguish the difference between the

identified system response and the dynamic response

of the aircraft electromechanical regulation system

under the set parameters.
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Figure 7. Parameter tracking and recognition effect

4. Interference Suppression Control of Aircraft
Electromechanical Speed Control System

The essence of classical PID control is to
eliminate the error based on error information. It is a
kind of adjustment method that directly uses the
information of set value and output value to
determine the size of control force. It is a weighted
combination of proportional, integral and derivative
links of error. These three links represent the
estimation of the “present”, “past” and “future”
information of the error respectively. Since PID only
needs to know the input and output information of the
controlled system, its algorithm is simple, adaptable
and reliable, so it is widely used in industrial control
system. One of the important reasons that PID can be
widely used is that it only needs the expected value
and the actual output value of the system to complete
the control [10, 11]. In fact, it is not necessarily
reasonable to directly take the error between the
expected value and the output value. Sometimes, it
will cause excessive instantaneous control force,
which will lead to overshoot of the system and even
damage the system hardware. In addition, in practical
application, and because of the complex
electromagnetic environment, ordinary differentiator
cannot effectively filter, so that the differential link
cannot be used, only PI control law can be used,
which further reduces the control performance of
PID. Moreover, even if the differential link can be
used, the efficiency of the weighted combination of

PID proportional, integral and differential link is not
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high. Therefore, on the basis of realizing the accurate
parameter tracking and identification of aircraft
electromechanical speed control system, an
improved PID control strategy based on the results of
tracking and identifying the parameters of the speed
control system is proposed [12].

The function of current loop in the whole control
system is not only to quickly track the output
command of the speed loop, but also to limit the
maximum current [13, 14]; As the outer loop, the
speed regulator should track the input command
quickly and accurately, and play an anti-interference
role. Therefore, the current regulator in this paper
only needs the traditional PI regulator, while the
relatively important speed regulator adopts the
improved PID strategy, so as to minimize the
complexity of the control system and greatly improve
the dynamic and static characteristics of the speed
control system [15, 16].

The design method of PID can be carried out as
follows:

The first step is to establish the second-order
approximate speed mathematical model of aircraft
electromechanical system [17]. In general, the cut-off
frequency of the current loop is higher than that of

the speed loop and the response speed is faster. The

*
given value ¢ of the g-axis current is
approximately regarded as the actual current ¢ of

*
the g-axis. In fact, the given current ¢ of the g-axis

1 1
H(w,K,,P,) :EMKoKrZ —[ﬂl(w—@v)]JfE(Pm —Pm)+J[

- Vi g €1y

1
is not always the same as the actual current ¢ of the

g-axis. There are always large or small errors before
reaching the steady-state, but the second-order
interference suppression controller can effectively
compensate for this influence. The second order
motion equation of generator in rotating coordinate
system is as equation 5.

Among them,  is the rotor angle; Kr = k-1 is the
minimum value of angular velocity deviation;
Ko=2znK, is the standard value of rotor angular
velocity; Pn is the minimum value of input
mechanical power; m, ¢ represents damping
coefficient, generator moment of inertia and
generator operating time constant respectively; and

(ws, 0, Pus) is the balance point of the system.

Secondly, the structure of PID is determined. The
structure block diagram of the speed controller based
on the second-order improved active disturbance
rejection control is shown in Figure 8.

The third step is to design the parameters of PID
controller according to the model. When parameter
disturbance exists in the system model, the motion
equation H(x) can be modified to obtain the desired

control effect function as follows
L1 1
H(x)'=2H) 5 [B,(0-0)] ()

In order to make the control law independent of
the accurate balance point of the system, the system
equilibrium point (®s, 0, Pms) is regarded as the
parameter to be estimated, d is the parameter

adaptive coefficient.

i 1
Q = |:‘[0 KOKrzdt _a)x :| _Ed(Pm _Pms) (7)
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Figure 8. Second order PDI speed controller
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The third step is to design the parameters of PID
controller according to the model. When parameter
disturbance exists in the system model, the motion
equation H(x) can be modified to obtain the desired

control effect function as follows
, 1 1
H)'=2H0)—[B(0-a)] (©)

In order to make the control law independent of
the accurate balance point of the system, the system
equilibrium point (®s, 0, Pms) is regarded as the
parameter to be estimated, d is the parameter

adaptive coefficient.

, 1
0= UO KK *dt —a)s:l—Ed(Pm -P)

5. System Simulation

As an example to verify the effectiveness of the
proposed method, the simulation experiment is
divided into two parts: the dynamic and static
characteristics of the proposed improved PID and
NRC (nonlinear robust controller) are compared; the
simulation results of the improved PID and ADRC
are compared to illustrate the advantages of PID in
anti-interference. Using Matlab/Simulink joint
simulation method, the parameters of aircraft
electromechanical system are shown in Table 1.

Table 1. Simulation parameters of  aircraft
electromechanical system

Numerical Numerical
Parameter Parameter

value value
Rotor flux 70763 wb  Rated power 1.0 kW
linkage
Moment of g, 4 kg.m®> Rated speed 1*103 rpm
inertia

Pole pairs 2 Rated Voltage 220 V

AC-DCaxis 4 30105 Rated torque 10 N*m
inductance

Sta.tor 090 Frlctlor}

resistance coefficient

The population size is 100, the mutation
probability is 0.05, the self factor is 2.0, the global
factor is 2.0, the number of particles is 80, the
maximum number of iterations is 1500, and the
historical best fitness value is 54.041. The sampling
period of PID is 0.1 s, the proportional gain is 1, and

the integral time constant is 1.5.

1. Control effect comparison
When the given speed is set at 600 rpm, the

simulation results show that the control effect of the
inverter under NRC and improved PID control is

shown in Figure 9 and Figure 10.
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Figure 9. Control effect under given start condition
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Figure 10. Torque curve during start-up

It can be seen from Figure 9 that the fastest time
for NRC to reach steady state is almost the same as
that of improved PID, both of which are 0.2 s.
However, the speed curve of NRC speed regulator at
this time has overshoot, while the whole speed
regulation process of improved PID has no overshoot
phenomenon and control force mutation. When the
parameters are selected to make it reach the steady
state in the way of no overshoot and the shortest time,
the time to reach the steady state is about 0.4 s; no
matter how the NRC parameters are adjusted, if the
dynamic process of the speed is to be as small as
possible, it will take a long time to reach the target
value, and to reach the steady state as soon as
possible, the speed will inevitably overshoot, which
is the overshoot and fast in NRC controller There is
an inherent contradiction between the two, and the

improved PID is a good solution to this contradiction.
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It can be seen from Figure 10 that under all NRC
parameters, the torque curve will directly climb to the
maximum of the current limit at the beginning, and
then rapidly decline under the control of the
controller. The torque of the improved PID controller
has almost no sudden change in the whole transition
process. In the actual speed control system, the
sudden change of control force will cause the output
current mutation of three-phase inverter, which will
lead to motor heating and spark, which not only
wastes electric energy, causes motor howling,
pollutes electromagnetic environment, but also
greatly reduces the service life and stability of motor.
In the running process of the motor, it is often
necessary to deal with the interference caused by the
load with different torque. The anti-interference
performance of the speed control system can be
detected by suddenly adding load. The given speed is
1000 rpm and the load torque is 1 n. When the system
reaches steady state, when t = 1 s, the load torque of
5 N is suddenly applied. The response curve under
NRC and improved PID control is shown in Figure
11.

Figure 11. Speed response curve under the condition of
increasing load

It can be seen from Figure 11 that the system
controlled by NRC has a large dynamic drop in speed
and a long dynamic recovery process; in contrast, the
dynamic drop of the system under the improved PID
control is very small, and the dynamic recovery
process is also very short. It can be seen that the
system has good robustness and can stabilize the

speed in a short time when disturbance occurs

2. Comparison of control effect between improved
PID and NRC under disturbance

In order to verify the superiority of the improved
PID in dealing with high-frequency disturbance, the
white noise module in Simulink is used to generate
white noise, which is superimposed on the speed
feedback link to simulate the high-frequency
interference of the speed feedback link. The white

noise is shown in Figure 12.
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Figure 13. Speed response curve under disturbance
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It can be seen from Figure 13 that for the same
noise interference, the improved PID can better
follow the given value. In the whole process, the
speed has little fluctuation, the dynamic
characteristics are good, and the control precision is
high. However, the speed curve under the traditional
NRC control has a large fluctuation, which is because
the white noise contains large differential
information, if it cannot accurately and effectively
control the speed curve, it is necessary to improve the
performance of the system If it is tracked and
identified, it will enter the control system directly,
which will inevitably lead to the fluctuation of the

controller and affect the control effect.
6. Conclusion

In this paper, the aircraft electromechanical speed
control system control, through the comprehensive
analysis of the interference factors, get the
interference source and interference mode, through
the intelligent optimization algorithm to optimize the
quantum particle swarm optimization algorithm, and
then realize the accurate tracking and identification
of aircraft electromechanical speed control system
parameters, provide reliable basis for control, and
improve the original PID based on the tracking
identification results. The results show that the
improved PID has better dynamic and static
characteristics than NRC, and is better than NRC in
resisting high frequency disturbance.

Due to the time relationship, coupled with my
limited knowledge and ability, there is still room for
further optimization. The current control software
needs to correct the initial phase error. In the follow-
up work, the function of self-correction can be
achieved by programming. The rotor position of the
hardware platform is measured by the photoelectric
encoder. The method of no position sensor can be
introduced to improve the system, so as to reduce the
investment of hardware.
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Abstract

In the current gait control system of autonomous mobile robot, the stability of robot motion control and the result of gait
planning are poor, and the walking compliance and walking efficiency are low, a gait control system of autonomous mobile
robot based on PMAC (Programmable Multi-Axis Controller) is designed. Through linear analysis of the control system of the
autonomous mobile robot, the dynamic model of the motion control of the autonomous mobile robot is constructed, the walking
cycle and key postures of the robot are analyzed, the stable walking gait is planned, and the dynamic model of the robot motion
control is combined to reverse the robot correspondence. For the joint rotation angle, the motor rotation angle under the key
gait is obtained by using the theory of series and parallel mechanisms, and the cubic spline interpolation method is used to
generate a complete gait motion trajectory. According to the architecture, the servo system of the robot and the hardware
structure with IMAC (Integrated Multi-Axis Controller) flex motion controller as the core of PMAC motion controller are
designed. The software design of modular structure is used to realize the gait control of autonomous mobile robot. The
experimental results show that the motion control stability and gait planning results of the proposed method are better, the gait
trajectory is smooth and the walking compliance is high, which can effectively improve the walking efficiency of the robot.
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space fields [3]. However, the working environment
faced by autonomous mobile robots is becoming
more and more complex, and higher requirements are
put forward for the controller of autonomous mobile
robots. Different application fields require the
controller to integrate different peripheral devices
and application software, and even need to be
transplanted between different software and
hardware platforms. Therefore, the development of
highly open autonomous mobile robot controller has
become a research hotspot in this field.

Robot control system is a typical multi axis real-
time motion control system, which mainly realizes

1. Introduction

Autonomous mobile robot is an integrated system
which integrates environment perception, dynamic
decision-making and planning, behavior control and
execution. It has a high degree of self-planning, self-
organization and self-adaptive ability, which is
suitable for working in complex unstructured
environment, and can realize object identification,
autonomous reasoning, path planning and control
functions in complex environment [1]. It brings

together the research results of sensor technology,
computer technology, mechanical engineering,
electronic  engineering,  automation  control
engineering, artificial intelligence and other
multidisciplinary fields. It is one of the most active
areas of scientific and technological development
[2]. With the rapid development of computer,
network, mechanical and electronic, information,
automation and artificial intelligence technology, the
research of autonomous mobile robot has entered a
new stage, and its application scope has also
expanded to various fields of society. It is not only
widely used in industry, agriculture, national
defense, medical, service and other industries, but
also in harmful and dangerous situations such as
mine clearance, search and rescue, radiation and

* Corresponding author e-mail: haoxinging1688@126.com.

the coordinated control of various walking robots,
tracked robots, bionic robots and robot groups. At
present, the research on the control system of robots
has also made great progress. Reference [4] uses the
natural stimulus algorithm Eagle strategy and particle
swarm optimization (ESPSO) technology to design
an adaptive control system for a two-wheeled
inverted pendulum mobile robot. According to the
multi input and multi output characteristics of two
wheel inverted pendulum mobile robot, considering
the instability of the inverted pendulum system, two
loops are proposed in the design. One loop is used to
balance the linear displacement, the other loop
maintains the required angular motion, so as to
realize the function of keeping the balance when the
robot moves to the required position. The system has
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the characteristics of nonlinear open-loop instability.
Reference  [5] designed a  three-wheeled
omnidirectional mobile robot sliding mode control
system based on reduced-order extended state
observer (ESO), constructed a dynamic model with
unknown friction, and designed a controller. The
reduced order ESO is used to estimate the friction
compensation effect. According to the second-order
sliding mode technology with parameter uncertainty,
the other part of the work is controlled. The
effectiveness and robustness of the control system in
compensating different friction effects are good.
However, there are some problems in the system,
such as poor stability of robot motion control and gait
planning, low walking compliance and walking
efficiency.

Aiming at the above problems, an autonomous
mobile robot gait control system based on PMAC is
designed. Through the dynamic analysis of the
motion control of the autonomous mobile robot, the
dynamic model of the motion control of the
autonomous mobile robot is constructed. The
walking cycle and key posture of the robot are
analyzed. The stable walking gait is planned, and the
corresponding joint angle of the robot is inversely
solved. According to the architecture design of the
robot’s servo system and the hardware structure with
the IMAC Flex motion controller in the PMAC
motion controller as the core, the software design of
the modular structure is adopted to realize the gait
planning and motion control of the autonomous
mobile robot. The whole control system has good
motion control stability, walking flexibility and
smooth gait trajectory, which can effectively
improve the walking efficiency of the robot.

2. Dynamic Analysis of Autonomous Mobile
Robot Motion Control

In the process of autonomous mobile robot
motion, its dynamics directly affect the speed,
accuracy and efficiency of autonomous mobile robot.
In this paper, through the linear analysis of
autonomous mobile robot control system, the
dynamic model of autonomous mobile robot motion
control is constructed, and the analysis of
autonomous mobile robot motion control dynamics
is realized.

2.1. Linearization analysis of autonomous mobile
robot control system

Because of the complex structure and multiple
degrees of freedom of autonomous mobile robot, it is
necessary to analyze and solve the dynamic equation
of the autonomous mobile robot in motion control,
and establish the dynamic model of the autonomous
mobile robot motion control, so as to provide the
basic basis for the control of its motion path and
attitude.

The dynamic equation of autonomous mobile
robot [6] is:

E(q)R+V (g)+G(g)+F(q)5,=6 ()

In Equation (1), E (q) represents the ax f
dimensional inertia matrix, R represents the
reaction force of the ground against the wheel of the
autonomous mobile robot, V(q) represents the
centripetal force vector, F q) represents the
gravity vector, o, represents the friction vector, o
represents the bounded unknown interference, and O
represents the control force.

In order to prevent the uncertainty from
interfering with the motion of the autonomous
mobile robot, by adding a suitable state space
Equation, the dynamic equation of the autonomous
mobile robot is obtained as:

|‘|:0 PXUIHXM‘] }
Y =
U (%) o(x) + g (x)+ £ (x)]

0,., 2
-{U" (x)}(é ~9.)

In Equation (2), Y = [q . R];IWI and O,
represent the @ x 3 dimensional unit matrix and the
zero matrix, respectively, U (x) represents the joint
vector of the autonomous mobile robot, o (x)
represents the (0{ - l) dimensional gravity term,
g x) represents the & x1 dimensional joint torque,
and [ (x) represents the reaction force of the wheel
axle. Because the centripetal force vector and friction
vector mode of the autonomous mobile robot during
operation are complex and difficult to calculate, the
dynamic equation needs to be simplified as:

Y=Ao(x)+Pf(x)+U"(x)6-PU"(x)5, (3)

0
In Equation (3), the choice of P={ "X"},

f(x)==U" (x)[o(x)+&(x)+  (x)]~[44]

0.1
, A = |:A”X"A"X":|, A, and A,, directly affects the

214722

stability of A, .

According to Equation (2) and Equation (3), the
motion defined control torque of autonomous mobile
robot is as follows:

5=-U(x)](x)+U(x)o 4

In Equation (4), J} (x) represents the estimated
value of f (x), and O represents a new control
variable. Through stochastic linear quadratic optimal
analysis, the dynamic equation of autonomous
mobile robot is transformed into quadratic
polynomial dynamic equation, and the linear analysis
of autonomous mobile robot dynamic system is
realized. The dynamic equation of quadratic
polynomial is as follows:
Y=Ao(x)+Po+f(x)-PU"'(x)3, (5)

In Equation (5), f (x): f—f represents
estimation error. The linear normalization of the
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control system of the autonomous mobile robot can
effectively optimize the motion performance of the
autonomous mobile robot, reduce the interference
error and improve the motion stability of the
autonomous mobile robot.

2.2. Dynamic model of autonomous mobile robot
motion control

When studying the motion control of autonomous
mobile robot, its dynamic model is the key point of
motion control, but the dynamic model is easily
affected by nonholonomic constraints, thus affecting
the control parameters [7]. In this paper, the dynamic
model of autonomous mobile robot is adopted, and
the input value in the control process is set as
generalized force rather than velocity. Therefore, the
kinematic model of autonomous mobile robot can not
be used to study the relationship between motion
with nonholonomic constraints and force and torque.

The dynamic model of a general autonomous
mobile robot can be described by the following
Euler-Lagrange equation:

T T
i[a—ﬂ —[a—L} =D(q)5-B(q)r )
dt| oY oA

T
] represents

In Equation (6), 4 = [/1,,/12,“-,/1

a

the a dimensional generalized coordinates of the

autonomous mobile robot control system, L
represents the Lagrange function, D (q ) o
represents the difference between kinetic energy and
potential energy, D (q) represents the a X[

dimensional input transformation matrix, ¥

represents the Lagrange multiplier, B (q) represents

the constraint matrix, and the product B(q) V4

represents the constraint vector. Through the analysis
of Euler Lagrange equation, the dynamic model of

autonomous mobile robot is constructed as follows:

E(q)R+V(q)R:D(q)5—B(q))/ @)

Differentiate both sides of the kinematic model to
reduce the interference to the motion control of the
autonomous mobile robot, and obtain the dynamic
model:

E(q)[W(9)U(0)+w(q)u(r)]+ ®)
V(g)R=D(q)5-B(q)y

In Equation (8), W(q) represents the friction
force of the ground against the wheel, w(q)

represents the external force received by the
autonomous mobile robot, U ( t) represents the
weight coefficient of the behavior toward the target,
and u(t ) represents the weight coefficient of the
behavior toward obstacle avoidance.

Then both sides are multiplied by A (q) at the
same time, A(q)B(q)}/ =0 is set to reduce the
control energy consumption, and the Lagrange
multiplier y is eliminated, and the final autonomous
mobile robot motion control dynamics model is:

A(q) 2 (a)+ A(g)(z +o)u(t)= 4(g) p5 )

In Equation (9), A(q) represents the total
control amount at the time of interpolation, ¥
represents rolling resistance, U represents driving
force, and p represents wheel rolling resistance
coefficient.

In conclusion, through the linearization analysis
of the control system of the autonomous mobile
robot, the dynamic model of the motion control of the
autonomous mobile robot is constructed, which
provides the basis for the gait planning of the
autonomous mobile robot.

3. Gait planning of Autonomous Mobile Robot

Firstly, the walking cycle and key posture of the
robot are analyzed, and then the stable walking gait
is planned. Combined with the dynamic model of the
robot motion control, the corresponding joint angle
of the robot is inversely solved. Then, the motor
rotation angle under the key gait is obtained by using
the theory of series parallel mechanism. Finally, the
motor continuous motion trajectory of the complete
gait is generated by using cubic spline interpolation
method.

3.1. Walking cycle of autonomous mobile robot

A complete cycle movement of an autonomous
mobile robot can be divided into two stages, one is
the period of double-leg support and the other is the
period of single-leg support. During the leg support
period, both the front and rear legs are in contact with
the ground. This cycle starts from the forefoot foot
on the ground to the end of the hind leg toe off the
ground [8]. During the single-leg support period, the
support leg is stable on the support surface, and the
swing leg moves from the back to the front. In the
gait planning, it is assumed that the leg support
period is instantaneous. In this case, the waist must
move forward rapidly. Meanwhile, in order to
maintain the dynamic and static stability, the center
of gravity of the robot must complete the movement
from backward to front leg during the instant leg
support period. On the other hand, if the support
period of the legs is too long, it will limit the speed
of the robot’s walking. According to the length of
human legs supporting time, when planning gait, it
takes about 20% of the whole gait. Analyze the whole
biped robot walking cycle composed of the two-leg
support period and the single-leg support period from
the forward plane.
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Assuming that the gait cycle of each step is 7, the
duration of the leg support period is ¢, , r represents
the 7 step, which defines that the right foot is about
to leave the ground, and the left heel just touches the
ground as the beginning of a complete gait, and the
left heel is about to leave the ground, and the cycle
ends when the right heel just hits the ground. The gait
of the complete cycle is as Figure 1.

(a) trmoment  (b) tr+7Ts moment (c) (r+1) t moment

Figure 1. Gait cycle

3.2. Gait planning of autonomous mobile robots

In the gait planning process of autonomous
mobile robot, in order to maintain the stability of the
robot in the process of motion, the plantar trajectory
is used to ensure the gait planning, that is, the plantar
corresponding to the planned gait is located on the
stable area. Considering the possible deviation of
theoretical gait when applied to the actual physical
model, such as the assumption that the robot is an
ideal rigid body in theoretical planning, the influence
of machining errors of mechanical transmission
chain is ignored, and whether these errors are in the
control loop, etc. [9]. When drawing gait, we should
give full play to the role of the completed physical
prototype of the autonomous mobile robot, and
combine the theoretical gait with the physical
prototype. That is to say, the initial posture of the
prototype should be obtained according to the
theoretical gait, and then according to the specific
influence of the error and other factors on the actual
physical prototype, the preliminary posture is
adjusted, and then the final gait is determined.

In time, the complete motion of the autonomous
mobile robot is divided into three stages. The first
stage of gait planning is when the robot starts to walk
until one leg is opened and its heel lands on the
ground. The second stage is to take a complete gait
cycle as the second stage, and the last stage is to take
back the hind legs and stand together.

3.3. Inverse solution of forward kinematics of
autonomous mobile robot

For the theoretical key gait, it is mainly the
planning of the forward plane, therefore, only the
inverse kinematics solution is made in this plane.

Assuming that the given joint position of the

theoretical key gait is known, the position of each

joint point corresponding to the reference coordinate

system is as follows, right plantar centroid (xl,z1 ) s
right ankle joint (xz,zz) , right knee joint (x3,z3) s
left and right hip joints (xg,zg), left knee joint
(x4,z4) , left ankle joint (xs,zs) , left plantar

centroid (x6,z6) the relationship between the

corresponding joint angle and the position of each

joint point is as follows:

X, — X
6, = arctan 22—
75
X;— X
0, = arctan—=—-2
23724
X, —X
3
6, = arctan—=*——
zZ, —Z
g 3
(10)
X, =X,
6, = arctan
Z4—Zg
X5 =X,
6, = arctan =>——*
zZs—z,
Xy — X
0, = arctan———
Ze %5

According to the above conversion relationship,
the rotation angle of the corresponding joint around
the y axis along the positive direction of the X axis
can be obtained, and the joint rotation angle
combined with the characteristics of the autonomous
mobile robot transmission chain is converted into the
guide rod displacement, and the guide rod
displacement is related to the rotation angle on the
parallel mechanism fixed platform the changes are
related as follows:

Ql :Al +\IA12_SI
o, :A2+VA22_SZ

In Equation (11), @, and (@, respectively
represent the coordinate values of the two ball joint
connection points on the moving platform in the z
direction of the reference coordinate system, which
can reflect the movement of the two guide rods. For
the inverse solution of the displacement of the guide
rod to the angle of the joint motor, it can be obtained
by converting the lead of the lead screw and the speed
ratio of the planetary reducer.

According to the above steps, the feasible key gait
has been inversely resolved into the theoretical
rotation angle corresponding to the motor output

(11)
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shaft. These theoretical rotation angles are controlled
to act on the motor to judge whether the actual gait
matches the planned theoretical gait. If not, adjust the
actual gait accordingly. During the adjustment
process, judge whether the adjustment is reasonable
or not according to the feedback from the plantar
until the actual motor output position corresponding
to the key posture is finally determined.

3.4. Gait generation of autonomous mobile robot

According to the interpolation method of cubic
spline, the discrete displacements of the above joints
are fitted out according to the interpolation points to
ensure the continuous change of the speed and
acceleration of the turning point to produce a group
of continuous displacements, and then coordinate
together until a complete gait is generated [10].

Cubic spline interpolation is used to fit the joint
motor position points corresponding to the above key
posture. Suppose the interpolation function is
H (t ) = f;, the corresponding first-order and
second-order derivatives in this interval (t,tm) are
continuous, m represents the key time point,
W, = (tm,tm+]) represents  the number of
corresponding poses, h =t t represents the

i m+l~ m

time interval, then H (t) is expressed as:

H(t):%(tw —tm)3+(f,—WZ" j (12)

W, is determined by the following equation:

VV; :fi+1_f; _J{i_ﬁ—l
6h, 3h,

i i-1
From the initial condition H '(t ) =0 and the
termination condition H '(tm)ZO, it can be
obtained that:

— f;+1 _tf;

Yoth
_ 6(Ci _tfi)

' th
In Equation (14), ¢, and b, respectively

(13)

(14)

represent the absolute distance of the two end points

in the reference coordinate system.

IMAC Flex motion controller in PMAC

In the specific fitting, the interpolation function of
the first three time points is obtained, and then the
cubic spline curve of the corresponding joint in the
complete gait from ¢ to f, can be obtained step by
step. Finally, the complete posture of the robot can
be obtained through the coupling relationship

between the joints.

4. Control System Hardware Design

The control system of autonomous mobile robot
is a general designation of the software and hardware
parts that control the autonomous mobile robot to
complete the expected trajectory [11]. The control
system of autonomous mobile robot is an important
part to guarantee the performance of autonomous
mobile robot, and is the command center of
autonomous mobile robot system. Therefore, the
control system of autonomous mobile robot must
have high reliability, comprehensive function and
fast response speed. The hardware part of the control
system is the working platform of the autonomous
mobile robot control system, which determines the
performance of the control system and the scalability
of the system.

4.1. Control system hardware composition

As the autonomous mobile robot needs to
complete the work such as receiving instructions,
adjusting the movement gait and positioning
calculation in the work, with a large amount of
calculation, therefore, the industrial computer is
selected as the upper computer, and the touch screen
is equipped to provide a convenient and practical
human-computer interaction interface [12, 13].
When the autonomous mobile robot is moving, the
positioning accuracy of the control system of the
autonomous mobile robot is required to be higher,
and the four axis linkage is needed in the moving
process. The core of the control system is IMAC Flex
motion controller of PMAC motion controller series.
The hardware structure of the control system is as
Figure 2.

DTC-1C communication
module

DTC-214A servo module

S | | |

IPC Handwheel Four-axis

Positive and
pulse signal || servo motor |[negative limit signal

Handwheel axis
selection, magnification
and sensor switch signal

Solenoid valve and other
output signals

Figure 2. Control system hardware structure
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IMAC Flex motion controller includes DTC-1C
communication module, DTC-214A servo module,
DTC-161 input module and DTC-160 output
module. The controller can communicate with IPC
through DTC-1C communication module and
receive handwheel pulse signal. Four servo motors
can be controlled by DTC-214A servo module, and
16 output points and 16 input points can be provided
by input and output modules. In addition, PMAC can
execute three kinds of commands: Online command,
motion program command and PLC program
command [14]. PMAC will execute the command
immediately after receiving the online command, and
will not store it. Motion program command is a group
of buffer instructions stored in the buffer and
executed by “R” command. Its function is to specify
the motion position, motion mode and attribute,
program logic control and variable assignment. PLC
program command is also a group of buffer
instructions, which can be repeated, including
operations, logic control and information
transmission commands.

The industrial computer has dual network cards,
one network card is used to receive commands from
the master control system, and the other network card
is used to connect with the DTC-1C communication
module [15]. After running the upper computer
software on the windows platform, it can manually
control the operation of the autonomous mobile
robot, plan and store the path information of the
autonomous mobile robot, and use the information to
automatically write the motion program that PMAC
can execute, and download it to PMAC to run [16].

The handwheel pulse signal is set to facilitate the
staff to manually control the autonomous mobile
robot to execute commands and collect key
coordinate points in the path. The pulse signal from
the handwheel is input to the DTC-1C
communication module, and the handwheel axis
selection signal and the handwheel override signal
are input to the DTC-16I input module. The DTC-161
input module not only receives the axis selection and
magnification switch signals of the handwheel, but
also receives signals such as emergency stop switch
buttons and sensors.

The output signals mainly include: gripping and
releasing of fixture, servo power on control and servo
alarm clearing.

4.2. Servo system construction

It can be seen from the above system hardware
structure that to complete a given motion form,
PMAC must output the control information in a
certain form to the servo amplifier of the servo
system. In this paper, P series AC servo motors and
PY2 series servo amplifiers from Japan’s SANYO
DENKI Company are selected to construct a servo
system for autonomous mobile robots. Since the
inertial force, coupling reaction force and gravity
load of the autonomous mobile robot change with the
change of the motion space, the dynamic control is
applied to each joint of the autonomous mobile robot
as a separate linear uncoupled servo for closed-loop
control [17]. According to the operating
characteristics of autonomous mobile robots, both
stable motion speed and accurate positioning are
required. For autonomous mobile robots, the torque
and speed are in the inner loop and the position is in
the outer loop. The principle is as Figure 3.

The current closed loop is realized by servo
amplifier, which can avoid circuit damage caused by
current mutation; The speed closed loop is also
realized by the servo amplifier and adopts
proportional integral control. The user can adjust the
proportional constant and integral constant according
to the control requirements of different systems to
obtain satisfactory speed closed loop characteristics;
The position closed loop is completed by the PMAC
motion control card. PMAC adopts the PID control
method for the position closed loop. The parameters
of the position loop can be adjusted by variables and
can be set by the user within a certain range
according to the different servo requirements of the
system. At the same time, it is also possible to use
PMAC to automatically detect the system load for
automatic adjustment of PID parameters to complete
the parameter tuning.

PMAC Servo amplifier

-+

+ Position control

module
Instruction A — PUL/DIR
Speed
feedback
Position
feedback
Position ring

Speed control unit

Position detection

Speed rin
P fne Servo motor

JC
JC

Speed detection

Measurement and ~ [*
feedback

Figure 3. Servo control principle
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5. Control System Software Design

This article uses the Windows 2 000 system as the
operating system and supports graphical user
interfaces. The currently widely used and powerful
Visual C++ is selected as the software development
tool. The control system software adopts modular
structure design and is divided into upper computer
human-computer interaction module and lower
computer motion control module. The host computer
adopts Visual C++6.0 high-level language for
development, and communicates through PMAC’s
PTALK control. It is mainly used for motion
trajectory planning, robot dynamic analysis,
parameter setting, modification, motion simulation,
operating command issuing, intelligent algorithm
processing and other management modules. The
software of the lower computer adopts PMAC’s own
language development, and uses its high-speed
calculation function to realize autonomous mobile
robot kinematics calculation, motion trajectory
interpolation calculation, motion servo control, etc.
The software structure of the control system is as
Figure 4.

The communication function between PC and
PMAC belongs to the system software, which is
responsible for the communication between
hardware. Its realization first loads the dynamic link
library PComm32 to obtain its handle, and then calls
the function through the entry pointer of the called
function to realize the communication between the
computer and PMAC. PMAC communication drive
function library Pcomm32, as a communication
bridge between Windows and PMAC, uses an
interrupt mechanism to complete high-real-time
tasks such as servo control, trajectory interpolation,
and speed processing. When the buffer is cleared,
PMAC will send an interrupt request signal. After

Human computer
interaction module

Robot control
system

Motion control
module

receiving the signal, the host computer will carry out

path planning control for the following trajectory

segments, and write the calculated new control data
into DPRAM. PMAC will read the data from

DPRAM and send it to the servo drive device to

complete the gait control of each joint of the

autonomous mobile robot.

1. Human-computer interaction module: The main
functions completed include initialization system,
manual operation, compilation and connection
module, teaching module, instruction download
and information feedback, etc.

2. Motion control module: It is the core of the
autonomous mobile robot control software. Its
main functions include kinematics calculation,
robot gait path planning, online quick adjustment
of position, configuration of system parameters,
and PLC program editing, management, system
monitoring, etc. Based on the analysis of the
linearization of the control system of the
autonomous mobile robot, the dynamic model of
the motion control of the autonomous mobile
robot is established. On this basis, based on the
interpolation method of cubic spline, the gait
planning of the autonomous mobile robot is
generated, and the motion control of the
autonomous mobile robot is realized. Obtain
information such as the position and pose
coordinate sequence of the moving target of the
autonomous mobile robot system and the motion
trajectory control method, and calculate the angle
that each joint needs to rotate through the inverse
motion calculation according to the pose matrix
of the initial position and the target position. It is
transmitted to the PMAC servo control system,
and PMAC is set according to some parameters of
the user to realize the gait control of the
autonomous mobile robot.

Initialization
module

— Compile module

Programming
module

— Connection module

Teaching module

Instruction
T download
Communication
module L Information
feedback
- - —1 Positive movement
Kinematic

calculation
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Figure 4. Control system software structure
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6. Experimental Simulation and Analysis
6.1. Setting up the experimental environment

In order to verify the effectiveness of the gait
control system of autonomous mobile robot based on
PMAC, a computer with Inter Core i5-3470
processor, 8.00 G memory, 600 G hard disk and 64
bit Windows 7 operating system was used in the
experiment. In the Visual C++ integrated
environment, the C++ language is used to develop an
autonomous mobile robot gait control system based
on PMAC to realize and verify its performance. The
hardware selection and parameter index are as Table
1.

6.2. Stability analysis of robot motion control

In this system, the dynamic model of the motion
control of the autonomous mobile robot is
established, the kinematics algorithm is imported
into the simulation software, and the reference [4]
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method, the reference [5] method and the proposed
method are used to compare the motion in different
directions. Stability is an indicator, and the results of
experimental analysis are shown in Figure 5.

Table 1. Hardware selection and parameter list

Hardware name Model

Upper computer Surface Pro2
Lower computer STM32F103
CO sensor MICROceLTM
CH, sensor MICROpel
H,S sensor MICROceLTM
"Sfee;rslgrerature and humidity SHT15

Inertial navigation module minilMU AHRS
Camera 600 lines micro
Human body detection HC-SR501
Infrared ranging GP2Y0A02
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Figure 5. Comparison of robot motion control stability of different methods
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It can be seen from Figure 5 that the position of
the autonomous mobile robot controlled by the
reference [4] method and the reference [5] method
oscillates when it moves forward, and when it moves
to the left, there is a steady-state error in the position.
When moving, the position oscillates and the average
value deviates from the target value. The proposed
method can effectively avoid the oscillation caused
by signal lag and increase the response to small
deviations. The reason why the deviation of the
leftward movement is slightly larger than the forward
deviation is that when the control signal of the
leftward movement is small, the inertial device
cannot provide sufficient thrust. When the control
signal is moved to the right, it is easily affected by
the ground, and there are certain fluctuations in the
backward movement. However, it is maintained near
the target value as a whole. It can be seen that the
motion control stability of the autonomous mobile
robot using the proposed method is better.

6.3. Gait displacement and walking efficiency
analysis of robot

In order to verify the walking compliance of the
autonomous mobile robot gait control system based
on PMAC, the reference [4] method, the reference [5]
method and the proposed method were used to
compare the robot gait displacement curves of
different methods. The comparison results are as
Figure 6.

According to Figure 6, it can be seen that the robot
gait trajectory of the proposed method is smoother
than that of the reference [4] method and the
reference [5] method, and the robot walking
compliance of the proposed method is higher than
that of the reference [4] method and the reference [5]
method. The average speed is used to measure the
walking efficiency of autonomous mobile robots,
namely:

n ; (15)

In Equation (15), x represents the step distance,
and ¢ represents the gait cycle. Since the step
distance g is 500 mm, the gait period ¢ of the
method in reference [4], the method in reference [5]
and the proposed method are 7 s, 6 s and 5 s,
respectively. According to Equation (15), the average
speed of the reference [4] method, the reference [5]
method and the proposed method are 71.4 mm/s, 83.8
mm/s and 100 mm/s, respectively. It can be seen that
the average gait speed of the proposed method is
larger and the walking efficiency is higher.

Based on the above comparative analysis, it can
be seen that, compared with the robot gait
displacement curve and the average gait speed of the
reference [4] method and the reference [5] method,
the robot gait motion trajectory of the proposed
method is smooth and the walking flexibility is
better. The average gait speed of the robot is
relatively high, and the walking efficiency is
relatively high.
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Figure 6. Comparison of robot gait displacement curves of
different methods

6.4. Robot gait path planning

In order to further verify the gait path planning
effect of the autonomous mobile robot gait control
system based on PMAC, the reference [4] method,
the reference [5] method and the proposed method
are used to compare the planning path of robot gait
control system of different methods. The comparison
result is as Figure 7.
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Figure 7. Comparison of robot gait path planning effects
of different methods
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According to Figure 6, it can be seen that there is
a certain deviation between the robot gait path
planning of the reference [4] method and the actual
gait path, and the robot gait path planning of the
reference [5] method has a large deviation from the
actual gait path. The robot gait path planning of the
proposed method is basically consistent with the
actual gait path, and can successfully realize the
movement from the starting point to the target point.
Therefore, the robot gait path planning effect of the
proposed method is better.

7. Conclusions

In this paper, the gait control system of
autonomous mobile robot based on PMAC is
proposed. The dynamic model of walking gait of
autonomous mobile robot is constructed, and the
walking period and key posture are calculated, thus
the walking gait model of robot is designed. The
series mechanism and parallel mechanism are used to
control the rotation angle of the motor, and the gait
trajectory is planned. Experiments show that this
method can improve the walking compliance and
walking efficiency of the robot.

However, in the process of gait control of
autonomous mobile robot, information feedback
such as robot attitude should be added to reduce the
influence of machining and installation errors on the
performance of control system. Therefore, a
complete upper control system will be established in
the next research to realize fast offline attitude
planning and online real-time gait adjustment.
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Abstract

In order to verify the safety of side impact of vehicle frame structure and reduce the number of accidents of members injured
due to side impact. On the basis of the basic theory of collision simulation and the theory of anti-side collision optimization
design, the finite element model of side impact of the whole vehicle is established with the aid of the CAD model of a foreign
mass production vehicle. With the finite element analysis software hyper mesh, the boundary and constraint conditions are set
according to the requirements of GB20071-2006, so that the deformation speed and invasion amount of B-pillar in the important
parts of side wall are normal. Through increasing the thickness of sheet metal, using ultra-high strength steel, adding structural
strengthening parts, adopting different cross-section shape of anti-collision beam and optimizing the position of anti-collision
beam, the safety of the original vehicle is verified by simulation test. The results show that different improvement methods can
optimize the side impact performance of the vehicle, but the safety of the vehicle can be improved. The most effective way is
to increase the reinforced parts reasonably without affecting the function of the original parts in the relevant position. The
optimization method, the conclusion and the measures to improve the side impact performance provide a certain reference for
the design and research of vehicle side impact safety performance optimization control.
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indexes to evaluate the side impact resistance of
automobile. For the door and B-pillar, the
displacement and speed changes of various
components under the action of external force are
mainly investigated, because these two indicators are
directly related to the injury degree of passengers. In
order to effectively reduce the injury of passengers in
side impact, it is necessary to make the impact force
evenly transmitted to all parts of the body, so as to
ensure that the displacement and speed of the vehicle
are reduced to the minimum. Automobile body is a
large and complex system, and there are mutual
constraints between the performance of the body. In

1. Introduction

With the rapid development of economy, cars
play an increasingly important role in people’s daily
life. However, with the rapid increase of car
ownership, the number of various traffic accidents
related to automobiles has risen sharply, which not
only causes huge property losses, but also seriously
threatens people’s life safety. In all kinds of traffic
accidents, the frequency of frontal and side impact is
the highest. When the side impact occurs, the
deformation speefi and intrusion Vqlumg qf the door the process of rescarch and development of
are too large, which may cause serious injury to the . . .

S i ) automobile body, we must comprehensively consider
passengers. Therefore, side impact is the highest the interaction of multi-function and multi-

form of accidents, with side impact accounting for disciplinary. Therefore, the impact of lightweight,

30(‘;& of 1?1'1 accidents. In au;tomooblle Zcmdelr(ltis’.he.ad NVH, dynamic performance and other disciplines
and neck injuries account for 58% and trunk injuries should be considered in the study of vehicle side

L N .
at most injuries accounted for 32% and abdominal impact safety. To solve the problem that single

1juries accoupted' for 21% [1]. Therefore, the discipline or single objective optimization method is
'research on side impact s?fety has become'an difficult to achieve the comprehensive design of
mp 9rtant research content in the field of \{ehlcle vehicle performance, multidisciplinary optimization
passive safety, and has attracted the attention of technology was bom. Multidisciplinary design
automobile manufacturers and automobile research optimization (MDO) technology fully considers the
bty influence of performance, realizes multidisciplinary

In the research of automobile side impact, door . . Lo .
d Bunill he k b 4 integration and optimization, and obtains the overall
an -pillar are the key objects and important optimal design of the system.
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Based on this, this paper uses different methods
to optimize and improve the crashworthiness of the
side structure in side impact from different aspects,
and verifies the effectiveness of these optimization
methods in theory. Aiming at the problem of mutual
restriction between body side impact safety and body
lightweight, uniform test design is used to construct
the test, and the stepwise regression surrogate model
is constructed according to the test data. Finally, the
multi-disciplinary collaborative optimization
research is carried out by using the sequential
quadratic programming method and the adaptive
weighting method. Finally, the optimization results
meeting the design objectives are obtained. The
security is verified by computer simulation.

2. Establishment and Experiment of Side Impact
Finite Element Model

It is difficult to understand the dynamic response
of human body in the real accident process because
of the short time and great deformation of vehicle
collision. However, in order to study the safety of
vehicle side impact, the major automobile companies
and research institutions must present the real
accident process. In the early stage, they obtained the
relevant data through the real vehicle experiment,
while the research on human injury was obtained by
placing the corpse or dummy on the test vehicle.
With the rapid development of computer technology
and the gradual improvement of mathematical
model, computer simulation method has been widely
used in the field of vehicle collision safety, and its
analysis accuracy and feasibility are higher and
higher. It can not only help researchers to obtain
accurate information, improve the crash safety of the
vehicle, but also reduce the development cost, so that
the market competitiveness of the car is stronger. It
has an important guiding significance for the
research of automobile passive safety.

2.1. Key technologies of finite element analysis

The method of computer simulation is to replace
the real vehicle collision with computer simulation
through the establishment of vehicle collision model
[2]. At the cost of accurate calculation efficiency, in
order to ensure the calculation accuracy and reduce
the calculation scale, reasonable finite element model
simplification and mesh generation become the key
of finite element analysis [3]. Relevant research
shows that: The accuracy and calculation efficiency
of simulation analysis results are related to the
element type and contact algorithm, to a large extent,
it also depends on the simplification degree of finite
element model, the accuracy of mesh generation and
the setting of material parameters. The following
focuses on the simplification of finite element model
and mesh generation.

2.1.1. Simplification of finite element model
In order to describe the vehicle structure and the
connection between its components, the key of

computer aided design (CAD) modeling is to ensure
the accuracy of the model. However, the purpose of
computer aided engineering (CAE) analysis is
different from that of CAD. Many processing and
assembly details (such as holes, steps, stiffeners,
small chamfering, etc.) in CAD often lead to unit
quality degradation when meshing in CAE. The
reduction or even disqualification will affect the
accuracy of simulation calculation, as well as the
calculation time and efficiency. Therefore, when
establishing the finite element model, the details of
the model built by CAD should be reasonably
simplified according to the actual calculation scale
and accuracy requirements.

For side impact, the thin-walled metal parts at the
impact part are the main deformation energy
absorbing parts, such as B-pillar, threshold beam,
roof beam and door, etc. When the geometric model
of the above parts is established, its geometric
characteristics must be accurately reflected and not
too simplified. The structural stiffness of the parts,
such as engine and gearbox, which are not deformed
or not deformed in the process of collision, is much
larger than that of thin-walled metal parts, so they can
be treated as rigid bodies. For some non main body
load-bearing parts, although the absorption of
collision energy is very small, it has a great impact
on the efficiency and accuracy of simulation
calculation. Reasonable structure simplification can
be carried out to reduce the workload of modeling
and improve the work efficiency. So in this paper,
according to the structural characteristics of the
sample car and the actual calculation needs, the
following simplification work is carried out in the
finite element modeling.

1. Remove the hole, shoulder, concave and flanging
on the surface of the component, and round and
smooth it.

2. Omit some parts with small mass and less energy
absorption, such as armrest, brake pedal bracket,
instrument panel support, etc.

3. For those parts that conflict with the installation
and use requirements of other components, the
section shape of the components should be
reasonably simplified.

4. Some parts (such as batteries) which have little
influence on the simulation results are omitted,
but the mass of these parts is large, which directly
affects the position of vehicle centroid, so they
can be reasonably distributed in the
corresponding positions in the form of mass
points.

2.1.2. Finite element mesh generation

The core idea of finite element analysis is block
approximation. The mesh density or the degree of
structural discretization have great influence on the
calculation error. The increase of grid density will
lead to the increase of calculation scale, which will
increase the simulation cost and reduce the
computational efficiency. When the element length is
reduced by K times uniformly, the element density
and calculation time will increase by K2 times and
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K3 times respectively, which means that the
calculation time increases nonlinearly with the
element density of 1.5 power. Therefore, the
selection of grid density has an important impact on
the computational efficiency and accuracy. For the
parts with large deformation, the grid density should
be increased to better simulate the structural
deformation, while for the parts with small
deformation, the grid density should be reduced, the
calculation time should be shortened and the
calculation efficiency should be improved.

On the basis of balancing the calculation accuracy
and efficiency and setting the grid density
reasonably, we should ensure the grid quality. The
better the mesh quality, the faster the calculation
speed and the higher the calculation accuracy.
Therefore, the following problems should be paid
attention to in the process of meshing.

1. The degenerate shell element and body element
should be avoided as far as possible. Compared
with other common element types, they are too
rigid and have poor calculation accuracy.

2. Due to the shell element type, attention should be
paid to the minimum element size when meshing,
that is, the minimum side length of shell element
should be more than five times of its element
thickness.

3. The side length of the element directly affects the
calculation speed and accuracy. On the basis of
ensuring the calculation accuracy, the calculation
efficiency should be considered. In the case of
certain material properties, the side length and
area of the element should be increased as much
as possible to avoid the occurrence of too large
internal angle of the element.

4. The selection of element size follows the basic
principle of gradual change in order to avoid the
phenomenon that the size difference between
adjacent elements is too large, and prevent the
element from distortion, which will affect the
calculation accuracy and simulation results.

5. On the premise of the same element type, the
stiffness of small-size element is smaller than that
of large-size element, and it is more prone to

deformation. According to the deformation of car
body in real vehicle crash test, the corresponding
size element should be selected for different parts
of car body to ensure the accuracy of simulation
of actual car body deformation.

6. Check the quality of the unit, delete the repeated
and cross elements, modify the warpage and
deformation elements.

2.2. Establishment and verification of finite element
model of moving deformable barrier

Vehicle frontal collision is a collision between the
test vehicle and the rigid wall, while the side impact
is to impact the stationary vehicle with the variable
moving barrier. Therefore, the movable deformable
barrier model must be established in the study of side
impact simulation, which is the biggest difference
between the simulation research of vehicle side
impact and frontal collision. In the current side
impact regulations, whether it is fmvss214 or
ECER95 in Europe and America, or occupant
protection in vehicle side impact (GB20071-2006) in
China, the movable deformable barrier is the basic
tool for side impact test research.

2.2.1. Establishment of finite element model of
moving deformable barrier

According to GB20071-2006, the process of
finite element modeling of MDB is: Firstly, the CAD
model is transformed into the preprocessing software
hyper through IGES graphics data exchange format.
In mesh, mesh is used to mesh and define the
materials and properties of each component, and the
connection relationship between the components.
Finally, the load, constraint or boundary conditions
are applied to the model. According to the side
impact standard of our country, the moving
deformable barrier needs to impact the test vehicle at
the speed of 50 km/h. The movable deformable
barrier model is mainly composed of the mobile
vehicle and the deformable impactor, and its overall
dimensions are shown in Figure 1.
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Figure 1. Overall structural dimensions of moving deformable barrier (unit: mm)
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As shown in Figure 1, the standard requirements
for the finite element model of movable variable
barrier are shown in Figure 1, and the structural
dimensions of the front end of the model are shown
in Figure 2. The total mass of MDB was 950+20 kg,
and the center of mass was within £10 mm of the
longitudinal symmetry plane. The finite element
model of the movable deformable barrier is mainly
composed of the moving frame model, the front
energy absorbing block model, the middle glue and
the front and rear connecting panels. The moving
frame is simulated by shell element, because it will
not deform in the whole collision process, so the rigid
material (MAT) is adopted _ Rigid); The energy
absorbing block in front of the frame is simulated by
solid element, and the most commonly used

f_
»

honeycomb aluminum material (MAT) is used _ The
glues in the middle are simulated by beam element,
and the nonlinear plastic spring discrete material
(MAT) is used = NONLINEAR _ PLASTIC _
DISCRETE _ BEAM).

The trolley model is based on the frame, and some
parts (such as wheels, rear connecting plate, key
mass, etc.) pass through the CONSTRAINED
RIGID _ BODIES. The definition of bodies
establishes its connection with the frame. The energy
absorbing block in the last part is connected with the
rear connecting plate through tie contact. Based on
the above modeling ideas, the final finite element
model is shown in Figure 3 and the finite element
model parameters are shown in Table 1.
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Figure 2. Structure size of energy absorbing block for moving deformable barrier (unit: mm)

Figure 3. Finite element model of moving deformable barrier
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Table 1. Model parameters
Mass of MDB (kg) 952.16

Location of MDB X=045,y=-1859,77 z
centroid (mm) =511.43

Geometric parameters of ~ Wheelbase 3000,
mobile vehicle (mm) wheelbase 1500, ground
clearance 300

Initial speed of MDB 9.722
(m/s)

Total number of units 239765
Number of deformable 18039
elements

Number of rigid body 181375
elements

Time step (ms) 0.76

2.2.2. Verification of finite element model of moving
deformable barrier

Because the stiffness of the front part of the
impact vehicle is mainly simulated by the energy
absorbing block, the performance of the energy
absorbing block needs to be tested dynamically. The
verification of moving deformable barrier in ECE
RO95 regulations and China’s side impact regulations
is to examine the overall force displacement
characteristics of the energy absorption block
structure, the force displacement characteristics of
each energy absorption block, and the energy
absorption characteristics of each energy absorption
block. The force displacement characteristics are
required to be within the band range specified by the
corresponding upper and lower limits, and the energy
absorbed by each energy absorbing block meets a
certain range [4-6].

Impact plate Force sensor

)

35+12 km/h

950+20 kg \
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Deformation energy absorbing block

Figure 4. Schematic diagram of mobile barrier verification
test

As shown in Figure 4, the schematic diagram of
mobile obstacle avoidance verification test is shown.
When the rigid wall is vertically impacted at the
speed of 35 km/h, the force displacement curve and
energy absorption situation of the energy absorption
block installed at the front end of the moving barrier
are investigated. Among them, the rigid wall is arigid
reinforced concrete structure, the width of one side
contacting with the MDB is not less than 3 m, the
height is not less than 1.5 m, and the total weight is
not less than 70 t. The collision contact plane should
be perpendicular to the runway axis, and the surface

should be covered with load sensors to measure the
total load of each part of the moving deformable
barrier at the moment of collision. In the last part of
the runway, in front of the rigid barrier, there should
be at least 5 m horizontal and smooth pavement [7-
9].

There is a force measuring wall in front of the
rigid wall to measure the impact force during impact.
Through the simulation test of the barrier module, the
contact between the rigid wall, the ground and the
barrier are defined in the inertial space [10-13]. The
displacement curve and velocity curve of the barrier
in the process of collision are output from the
position of the mass center of the barrier, so as to
obtain the motion characteristics of the moving
barrier in the process of full-frontal impact [14, 15].
The force time history curves of six impact energy
absorbing blocks are output from the model, which is
converted into the curve of force variation with
displacement, so as to test the stiffness characteristics
of the front deformation energy absorption block.
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Figure 5. Displacement curve of MDB centroid
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Figure 6. Speed time curve of MDB

As shown in the figure, Figure 5 shows the
displacement diagram of the moving deformable
barrier mass center with time, and Figure 6 shows the
change diagram of the moving deformation barrier
speed with time. From the displacement curve of the
mass center of the moving deformation barrier
(Figure 5), it can be seen that the maximum
deformation of the moving barrier energy absorbing
block is 341 mm, which meets the requirements of
GB20071-2006 regulations of 330+20 mm. Figure 6
shows that the time for the moving barrier to
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decelerate from the initial speed of 35 km/h to 0 is
56.5 ms, and then rebound, and the speed reaches -
1.2 km/h.

See Figures 7-10, in which the dotted line is the
upper and lower limit values of the force
displacement curve, and the part surrounded by it is
the stiffness characteristic range of the impactor
meeting the requirements of regulations. It can be
seen that the stiffness characteristics of the six
deformation blocks are within the limits specified by
the regulations, among which the stiffness
characteristics of the first and third blocks are the
same, the fifth and sixth blocks are the same, and the
barrier model is symmetrical left and right. In
addition, Table 2 shows that the energy absorbed by
each energy absorption block meets the requirements
of regulations. Through the verification test, it can be
concluded that the moving deformable barrier finite
element model meets the test requirements and can
be used as the impactor of the side impact simulation
model.

2.3. Establishment and verification of vehicle finite
element model

2.3.1. Establishment of vehicle finite element model
In this paper, a mass production car abroad is
taken as the research object. The whole vehicle
model is built on the basis of CAD three-dimensional
model, and the finite element pre-processing
software hyper is used Mesh is divided in mesh [16-
19]. In order to control the size of the model under
the premise of ensuring the accuracy of the model
and saving the calculation time, the smaller mesh is
used in the main deformation parts of side impact,
and the larger mesh is used in the secondary parts.
The BIW, body panel and seat frame of the finite
element model of the whole vehicle are simulated by
shell element mesh, and the piecewise linear plastic
material is used; The interior panel material is also
defined as piecewise linear plastic material when the
front door of the driver’s side is added with the
interior trim panel; The suspension system, door
hinge and tire are defined according to their motion
relations, mainly including: Ball Joint _ Spherical,
joint _ Revolve), column hinge (joint) _ Cylindrical)
and spring damping unit; The connection relationship
between components is also referred to the real body
manufacturing process, and the welding position is
controlled _ Spotweld spot welding unit, bolt
connection means constrained _ NODAL _RIGID _
Body rigid connection; Powertrain part is simplified
as rigid body, and other parts of vehicle harness,
pipeline and sealing strip which have little impact on
side impact are replaced or omitted by mass unit.
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2.3.2. Validation of finite element model for vehicle
side impact

Qualitative and quantitative evaluation methods
are usually used to evaluate the authenticity and
accuracy of simulation results [20-22]. The
qualitative evaluation method is mainly to check and
compare the deformation shape of the impact area in
the test and simulation, the impact characteristics of
the main components, and the movement of the
vehicle and moving deformable barrier after the
collision. Quantitative evaluation focuses on the
comparison of deformation, acceleration and impact
load of different parts of vehicle and moving
deformable barrier.

In this paper, according to the requirements of
GB20071-2006, the side impact simulation model is
established, as shown in Figure 12. The moving
deformable barrier (MDB) vertically impacts the side
of the stationary vehicle at the speed of 50 km/h. Its
vertical line passes through the R point of the front
seat on the impact side of the vehicle. The simulation
time is set at 140 Ms. According to the energy change
of the side impact simulation process, confirm
whether the parameters of the side impact simulation
model are reasonable. The overall energy change of
the system is shown in Figure 13.

It can be seen from Figure 13 that the energy
composition of the model system is relatively
reasonable, the total energy is conserved, the slip
interface energy and hourglass energy keep very
small positive values, and do not exceed 5% of the
total energy. Therefore, it can be explained that in the
modeling process, the standard of finite element
mesh, the connection of models and the setting of
various solution cards are reasonable. Figure 14
shows the simulation and experimental comparison
of the acceleration time curve at the lower end of the
B-pillar on the impacted side. It can be seen from the
figure that the change trend of the acceleration curve
is basically consistent, and the peak value is in good
agreement with the occurrence time. The error may
be caused by the omission of some body accessories,
material parameters and solder joint model, which
are different from the actual situation, but the overall
error, especially at the first and second peak, is less
than 5%. It can be seen that the side wall stiffness of
the finite element model is basically consistent with
that of the real vehicle, and this model can be used in
the following side impact simulation analysis instead
of the real vehicle.

Table 2. Energy absorbed by each energy absorption block (kJ)

Project The first The second  The third The fourth The fifth The sixth Population
piece piece piece piece piece piece

Simulation 9.55 14.26 9.55 4.27 393 393 45.49

Regulatory 9.5+2 1542 9.5+2 4+1 3.5+1 3.5+1 4543

requirements

Result Qualified Qualified Qualified

Qualified Qualified Qualified Qualified

Figure 11. Finite element model of vehicle

Figure 12. Vehicle side impact model
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Figure 14. Acceleration at the lower end of B-pillar on the impacted side

3. Safety Optimization Design of Vehicle Side
Impact

The optimization design of side impact safety
performance can not completely rely on the real
vehicle test method, the main means is to use CAE
analysis and multidisciplinary optimization theory to
optimize the body design. The main content of body
multidisciplinary optimization research is to explore
effective multidisciplinary collaborative
optimization design strategy, realize the concurrent
design of multi-disciplinary subsystems of the body,
and finally obtain the global optimal solution of the
body system.

3.1. Design objectives

Before multidisciplinary optimization design, it is
necessary to define the safety design objectives of the
vehicle. Through the test method of competitive
product analysis, the safety analysis of competitive
vehicles with high side impact safety in the market is
carried out to obtain the design objectives. Refer to
Table 3 for the safety performance of side impact and
the design objectives of this model.

The B-pillar inner plate intrusion and B-pillar
impact acceleration are selected as the optimization
objectives and constraints, while other performance
objectives are used as the verification conditions for
the feasibility of the optimal design scheme.



© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665) 49

Table 3. Side impact performance and design target of
reference vehicle

Key position Reference car Target
value

Front door inner panel 147 <140

(chest) invasion (mm)

B-pillar inner plate 156 <140

(chest) invasion (mm)

Invasion velocity of 7.4 <7

lower part of B-pillar

(m-s-1)

B-pillar (head) 142 <135

acceleration (g)

3.2. Multidisciplinary collaborative optimization
based on adaptive weighting

The essence of body multidisciplinary
collaborative optimization problem is to find a set of
vectors composed of design variables in the feasible
region, so that the surrogate objective function values
of various performance of the body system can be
optimized as much as possible. In the past, the
research on multi-disciplinary problems is often
carried out with single objective optimization.
However, it is difficult to find the overall optimal
solution of the system by using the single objective
optimization method because of the conflicts among
the objectives. Aiming at the optimal solution
problem of  multi-objective collaborative
optimization, a multidisciplinary collaborative
optimization method based on adaptive weighting is
proposed. The mathematical model is described as
follows:

min...F(t)=
0<

min  F(t)=Y wF(t) 0<w <1udw
i=1 i=1

st.  g()<0 i=L2--,p 1)
gj(t)zo j:1a2a""q

Among them, F(¢), F,(¢), g,(¢) and g,(7)
are the weighted total objective function, the
objective function of each performance, the
inequality constraint function and the equality
constraint function respectively; w; is the weighting
coefficient; n, p,q are the number of corresponding
functions; ¢ is a vector composed of design

variables. In the process of optimization design, the
weighting coefficient w, is selected by adaptive
adjustment, and the total objective function F'(¢) is
constructed. After the multi-objective is transformed
into a single objective, multidisciplinary
collaborative optimization is carried out according to
the design requirements of the designer as
constraints.

After the optimization, the design objective is
taken as the judgment condition to judge whether the
F(t) value obtained by optimization meets the
requirements of the design objective (fihop T). If it
is, the optimization result will be output. Otherwise,
the weighted coefficient w, will be adaptively
transformed according to the design requirements,
and multidisciplinary optimization design will be
carried out again. Finally, the optimal scheme of
multi-objective optimization satisfying the design
objectives is obtained, and the weighting coefficient
w, obtained from this is called adaptive weighting
coefficient. The adaptive weighting method can
adaptively increase or decrease the weight ratio of the
response function according to the optimization
results and optimization objectives. Finally, it can
automatically obtain the global optimum and
significantly reduce the optimization times. In the
optimization design of the body structure, the side
impact safety of the body and the lightweight
performance of the body are optimized together.
Under the condition that the body mass is not
increased, the B-pillar intrusion and B-pillar
acceleration are the minimum, so as to improve the
safety of the side impact. According to the adaptive
weighting method, the mathematical expression of
multidisciplinary optimization is as follows:

min  F(t)=wd, +w,a,

st o m<m,
d, <120mm a, <120mm @
0.8mm <t <2.5mm

Among them, w, and w, are adaptive weighting
coefficients; m,, is the total vehicle mass before

optimization (1674.3 kg).

According to the design variables and
optimization objectives, the sequential quadratic
programming (SQP) method based on Lagrange
Hessian matrix is used to solve the multi-objective
optimization problem by using MATLAB software.
The Hessian matrix is calculated by quasi Newton
method. After several iterations, the optimization
results are shown in Table 4.

Table 4. Optimization results

Name W w, F dy/mm  ap/g

mkg  tl 2 3t t5 t6

Initial value 06 04 14793 14640  150.22

Optimization
value

06 04 12057 11348 131.20

1674.3 1.6 2.0 28 18 1.8 1.6000

16739 2.0 15 16 2.0 2.0 0.8873
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Considering  the actual production and
manufacturing process, the optimal values of each
design variable are determined as follows: t1 = 2.0
mm, t2 = 1.5 mm, T3 = 1.6 mm, t4 = 2.0 mm, T5 =
2.0 mm, t6 = 0.8 mm. Evaluation of optimization
results in order to verify whether the optimization
results have practical significance, according to the
optimization value of design variables, the optimized
simulation model is established for simulation test.
The simulation results are compared with those
before optimization.

It can be seen from Table 5 that the performance
of the optimized structure exceeds the design target,
and the side impact safety is significantly improved
without increasing the vehicle mass.

Table 5. Comparison of performance indexes before and
after optimization

Name Before After
improvement  improvement

Front door (chest) 146.98 122.46
intrusion (mm)
B-pillar (chest) 142.00 122.05
invasion (mm)
B-pillar (head) 150.20 132.8
acceleration (g)
B-pillar (bottom) 10.70 6.3
invasion velocity

(m-s-1)
Vehicle mass (kg) 1674.30 1673.8
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Figure 15. Acceleration comparison of B-pillar (head
position) before and after optimization
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Figure 17. Comparison of invasion velocity of B pillar
before and after optimization

At the same time, from the comparison diagram
of acceleration, intrusion volume and intrusion speed
before and after optimization in Figures 15-17, it can
be seen that the acceleration value, intrusion volume
and intrusion speed of the optimized structure are
reduced by 20 g, 130 mm and 5.5 m.s™! respectively,
which is significantly lower than that of the original
model. Through the above analysis, it can be seen
that the optimized structure is significantly better
than the original vehicle in terms of side impact
safety, which also shows that the optimization
scheme proposed in this paper is feasible. The reason
for this phenomenon is that the design method in this
paper optimizes the position of the anti-collision
beam by increasing the plate thickness, using ultra-
high strength steel, increasing structural stiffeners,
and using anti-collision beams with different section
shapes. The safety of the original vehicle is verified
by simulation test.

4. Conclusions

Because the defect of simulation analysis is that it
can produce error, even result in error, so the correct
result depends on the correct simulation model. The
model is reliable after strict verification, and the
analysis and optimization design on this model are
effective. According to China’s side impact
regulations and standards, combined with the
verification method of simulation models, the
moving deformable barrier and vehicle models are
verified respectively. The verification results show
that the finite element model is reliable and effective.
On this basis, the vehicle side impact simulation
model is established and verified. The verified
vehicle side impact simulation model can be used for
further analysis and research. For front impact or rear
end collision, the car body has larger buffer space
design, but the side only provides a small collision
buffer space. Therefore, it is very difficult to enhance
the impact resistance of the side of the car and
improve the anti-collision technology. In order to
improve the side impact resistance of the vehicle
body, the key point is to transfer the collision energy



© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665) 51

to other protective beams, columns, floors, roofs and
other parts of the car body. These parts disperse and
absorb the impact force, which greatly limits the
degree of possible injury, even to the minimum.
Through the research on the impact characteristics of
vehicle side impact, several improvement schemes
are proposed to improve the crashworthiness of
vehicle side impact structure. On this basis, the
effectiveness of the scheme is analyzed and
evaluated. The results show that the acceleration,
intrusion volume and intrusion velocity of the
optimized structure are reduced by 20 g, 130 mm and
5.5 m.s™! respectively, which is significantly lower
than that of the original model. Through the
evaluation of the optimization results, the feasibility
of the optimization scheme is verified, and the side
impact safety is significantly improved.
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Abstract

In order to discover the dynamic response of the impact force of steel wheel on elastic half-space, and to quantify the peak
impact force and detect the elastic modulus of elastic half-space, a finite element model of the steel wheel impacting the elastic
half-space is established. According to Palmgren empirical formula, take the impact height (h), elastic modulus (E) and
Poisson’s ratio (o) of elastic half-space as the main influencing factors, and take the peak acceleration of steel wheel during the
impact process as the research object. The process of impacting the elastic half-space with different elastic modulus and
Poisson’s ratio by the same steel wheel falling at different heights is simulated by finite element method. Then, the MAP
diagram and fitting formula of the relationship between peak acceleration and main influencing factors are obtained. The results
show that when the steel wheel impacts the elastic half-space, there is a quadratic nonlinear relationship between the peak
acceleration and impact height of steel wheel and elastic modulus of elastic half-space, and the Poisson’s ratio of elastic half-
space has little effect on the peak acceleration of steel wheel. The error between the theoretical values and the interpolation as
well as the simulation values are around 25%, meeting the engineering requirements. So it can be used in the calculation of
dynamic process of impact force that steel wheel imposes on the elastic half-space. It can be seen that the peak acceleration of
steel wheel is correlated with the main influencing factors during the impact process. The impact force and the elastic modulus
of elastic half-space can also be predicted according to the fitting relationship.

© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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The impact process has a strong nonlinear
characteristic, and it is influenced by many factors
including initial conditions, material characteristics,
and structure shape [5]. So a complete theoretical
system of impact dynamics has not yet been formed
[6]. To study the impact process, Newton first
proposed the kinematic recovery coefficient to
describe the change in the velocity before and after
the collision of two objects. Poisson also proposed
the dynamic collision recovery coefficient from the
perspective of the momentum. Several scholars
studied the collision recovery coefficient from the
view of energy [7-9]. Several Chinese scholars
conducted studies on the collision dynamics, and
compared the applicable conditions of three collision
coefficients with the accuracy of collision impact
process [10-12]. Several scholars used kinematic
recovery coefficient to evaluate the dynamic
response of rockfall impacting the ground [13, 14].
Research has shown that the collision recovery
coefficient can well describe the change of object
motion before and after the collision, but it cannot
describe the change of dynamic parameters such as
force and acceleration during the collision.

1. Introduction

Collisional impact between moving objects is a
common problem in engineering, and the study of
impact process has always been an often discussed
and difficult issue in the field of dynamics [1]. Steel
wheel is a cylindrical component commonly seen in
engineering. The impact between steel wheel and
plane is a typical reflection of the impact between
cylinder and plane in reality. Normally, in reality the
plane is multi-layer structures, which can be
considered as an equivalence to the elastic half-space
structure [2]. Acceleration signal is an important
parameter for it is easy to measure in the dynamic
response, and can fully reflect the dynamic
parameters such as impact force and impact duration
in the impact process [3]. Therefore, the analysis on
the changes of acceleration signal when steel wheel
imposes impact force on the elastic half-space is of
great significance in analyzing the dynamic response
of moving objects during impacting process and
quantifying the impacting force and dynamic
modulus of elastic half-space [4].

* Corresponding author e-mail: liangnx@cgjtu.edu.cn.
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The research on dynamic response in the impact
process focuses on the field of contact mechanics.
The basic theory for collision impact between
clastomers was proposed by Hertz [15]. Based on
Hertz’s contact mechanics, domestic and foreign
scholars conducted a lot of studies on impact
dynamics between sphere and sphere or between
sphere and plane or cylinder to cylinder, and obtained
an accurate theoretical explanation [16-18, 5].
However, it is difficult in the study of line contact
between cylinder and plane, and there is not yet an
accurate and convenient solution available [6].
Several scholars proposed a nonlinear model of the
relationship between impact and strain based on
Hertz contact theory, which can be used to analyze
the dynamic response of impact between cylinder
and plane [15, 19, 20]. However, the implicit
equation adopted in the theory makes it difficult to be
applied in engineering. To make it accessible, many
scholars proposed empirical formulas that adopt
display equations, and the Palmgren formula is the
most widely used one [21].

Although the Palmgren empirical formula has a
high computational accuracy, it is mainly used for the
dynamics process of impact between solid cylinder
and plane. The steel wheel is a common cylindrical
shell structure in engineering [22]. There is no
evidence to prove that the impact between steel
wheel and elastic half-space can be solved by using
this formula. In this paper, a simulation model of
steel wheel impacting the elastic half-space is
established by adopting finite element method. Based
on Palmgren formula, main influencing factors
affecting dynamic process of steel wheel impacting
the elastic half-space are determined and the
acceleration of steel wheel is taken as the dependent
variable, establishing the relationship between
various influencing factors and the acceleration of
steel wheel.

2. Methods and Materials

2.1. Method to determine main influencing factors
of impact process

To determine the influencing factors of dynamic
response, simplify the model and determine the main
influencing factors, the following assumptions to the
model are made: (1) The elastic modulus of steel
wheel differs greatly from that of elastic half-space,
so the steel wheel is regarded as the rigid body; (2)
In the impact process, the elastic half-space conforms
to the condition of small strain; (3) In the impact
process, there is only vertical force distributed on the
contact surface while no horizontal force distributed;
(4) The contact surface is smooth without frictional
force. The impact dynamics model is established as
shown in Figure 1.

Figure 1. Schematic diagram of the steel wheel impacting
the elastic half-space

According to the above assumptions, the
maximum contact force is evenly distributed along
the contact tessellation line, and its value can be
solved by Hertz contact theory and Palmgreng
empirical formula. When the cylinder imposes
impact on the plane, the relationship between the
impact force and the deformation of elastic half-
space is shown in Formula (1).

F=Kg" (1)
where F is the impact force, N; ¢ is the
deformation of elastic half-space, m; n is the
nonlinear index of cylinder contact, » = 10/9 in the
Palmgren elastic line contact model; K is the
equivalent stiffness of elastic contact, which is
depended on the material and shape of contact body.
According to Hertz contact theory and Palmgren
elastic line contact model, the value of K is shown in
Formula (2).

6
K:(z ;T 81)"E1X1c?2 oo/ o
X 3. -

where E is the elastic modulus of elastic half-
space material, MPa; o is the Poisson’s ratio of elastic
half-space material; L is the contact length of elastic
line, mm.

The maximum impact (Fn) when -cylinder
impacts the elastic half-space is shown in Formula

3).
)

F, :K{IOOO(n+1)%gh} 3)

where / is the impact height of steel wheel, mm;
m is the mass of cylinder, kg.

According to Newton’s Second Law, the
maximum impact acceleration (a») when cylinder
impacts the elastic half-space is shown in Formula

).
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As can be seen from Formula (4), in the process
that cylinder impacts the elastic half-space, the
dynamic response is correlated with the length (L),
mass (m), impact height (%) of cylinder as well as the
elastic modulus (£) and Poisson’s ratio (o) of the
material of elastic half-space.

This paper focuses on the relationship between
the change of the material of elastic half-space and
the change of dynamic response of steel wheel as
well as relationship among the change of impact
height, elastic modulus and the dynamic response of
steel wheel. So the length (L) and mass (m) of the
steel wheel are set to constant values.

2.2. FEA model and materials

According to the assumptions, a finite element
model is established in the finite element analysis
software ABAQUS, see Figure 2(a). In this model,
the length of the steel wheel is 600 mm while the
density is 7.8 x 10 kg/mm?. Calculation shows that

{a) The finite element model
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the mass is 81.1 kg, the elastic modulus is 310 000
MPa, and the Poisson’s ratio is 0.3.

The size of the elastic half-space is 6 000 x 3 000
x 3 000 mm and it adopts symmetry constraint to
symmetric surfaces and fixed constraints to bottom
surface and four sides. The density of elastic half-
space is 2.4 x 10 kg/mm?, and the elastic modulus
and Poisson’s ratio are set as independent variables.
The value range of elastic modulus is 500-8500 MPa,
and Poisson’s ratio is 0.2-0.4 [2, 23].

The 8-node hexahedron linear reduction integral
element (C3D8R) and the modified quadratic
tetrahedron element (C3D10M) can be chosen to
simulate the impact process in ABAQUS software.
According to the assumptions, the impact force in the
finite element model is vertically downward and
there is no large deformation. Therefore, in order to
give consideration to calculation accuracy and
simulation efficiency, the C3D8R element is selected
as the grid element, and its total energy is basically 0
in the calculation process, thus there is no hourglass
problem, so the calculation result is reliable. If the
element C3D10M is selected, although certain
accuracy can be improved, the calculation time will
be increased by more than 6 times.

() The meshing method

Figure 2. The finite element model and meshing method
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Figure 3. The sensitivity analysis results
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In order to determine the mesh size, sensitivity
analysis is carried out on the model. The elastic
modulus of the elastic half-space is set as 6500 MPa
and the Poisson’s ratio is 0.3. The grid size is set to
40 mm, 30 mm, 15 mm, 10 mm and 5 mm
respectively for simulation, and the results are shown
in Figure 3. As can be seen from Figure 3, when the
grid size is less than 10 mm, the change trend of
acceleration response value slows down. Therefore,
when the grid size is 5 mm, the calculation results
tend to converge, but it takes a long time to calculate.

Then, set the grid along the Z direction, from 30
mm in the outermost part of the elastic half-space to
5 mm in the middle, and the other directions are set
to 15 mm. The simulation result is basically the same
as that when the grid is set to 5 mm, but the
calculation time is reduced by about 28%. Therefore,
the model is divided into grids as shown in Figure
2(b) in order to give consideration to both calculation
accuracy and calculation speed.

3. Results and Discussion
3.1. Validation of the FEA model

To verify the rationality of finite element model,
the elastic modulus of elastic half-space is set to 6
500 MPa and the Poisson’s ratio is set to 0.3. The
impacting process is simulated as the impact height
(h) is at 10 mm, 20 mm and 30 mm. Figure 4 shows
the stress nephogram when steel wheel falls at height
of 30 mm. As can be seen in Figure 4, when the steel
wheel impacts the plane, the contact force is evenly
distributed along the contact tessellation line, and
only slightly increased at the steel wheel rim.
Moreover, the contact stress shows elliptic
distribution within the contact width (b), which is in
line with Hertz contact theory.

The steel wheel is rigid body, so the dynamic
response of all points on the steel wheel are the same
when steel wheel impacts the elastic half-space. Take
the top center of steel wheel as the test point, set the
drop height to 10 mm, 20 mm and 30 mm, the elastic

0.8+
0.6:
0.4
0.2

OL0.

v (m/s)

~

0.2 S
0.4

-0.6 1

modulus to 2 500 MPa and 6 500 MPa, Poisson’s
ratio to 0.3, the velocity, stress and acceleration
response of steel wheel are shown in Figures 5-7.

Figure 5 shows the velocity response during the
impact process. As can be seen from Figure 5, when
steel wheel falls at different height and impacts
elastic half-space with different elastic modulus and
Poisson’s ratio, the velocity is only affected by
falling height and hardly affected by elastic modulus
and Poisson’s ratio. According to the definition of
kinematic recovery coefficient e, as shown in
Formula 5, and the results have been showed in Table
I.

e=—"+ Q)

Figure 4. Stress nephogram in the impact process

Figure 6 shows the impact response curve when
steel wheel impacts the half-space. As can be seen
from Figure 6, during the impact process, the elastic
modulus has a huge influence on impact force, which
shows that greater the elastic modulus, greater the
impact force. The elastic modulus also had an effect
on impact duration, that is, the greater the elastic
modulus, the shorter the impact duration; The
Poisson’s ratio of elastic half-space has little effect
on impact force and impact time.

— h=10 mm, E=2500 MPa, ¢ =0.3
- = h=10 mm, E=6500 MPa, ¢ =0.3
- - - h=10 mm, E=6500 MPa, ¢ =0.2
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Figure 5. Curve of velocity response of steel wheel in the impact process
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Figure 7 shows the curve of peak acceleration
response of steel wheel in the impact process. As can
be seen from Figure 7, the elastic modulus of elastic
half-space has a great effect on acceleration response,
that is, the greater the elastic modulus, the greater the
peak acceleration; The Poisson’s ratio of elastic half-
space has little effect on peak acceleration response.

Compared between simulated velocity, impact
and peak acceleration and the calculation result of
acceleration and peak impact force according to
Formula 3 and Formula 4 is as shown in Table 1.

As can be seen from Table 1, in the process that
the elastic half-space with different elastic modulus
and Poisson’s ratio is impacted by the same steel
wheel falling at different heights, the kinematic
recovery coefficient before and after the impact is
around 0.66. Therefore, the impact height of steel
wheel and the material of elastic half-space does not
affect the kinematic recovery coefficient of the
impact system. The error between the simulation
results of peak impact force and the calculation
results of peak impact force by Formula (3) is less
than 10%, and the error between the simulation
results of peak acceleration and the calculation
results of peak acceleration by Formula (4) is less
than 20%, meeting the requirement of engineering
use. Therefore, the finite element model is
reasonable, and its simulation results can be used in

the analysis of dynamic process of the steel wheel
impacting the elastic half-space.

3.2. Effect law of the change of Poisson’s ratio on
acceleration response

To find out how the change of Poisson’s ratio
affects the dynamic response of steel wheel, the
impact process is simulated when elastic modulus is
set to 500 MPa, 2 500 MPa, 4 500 MPa, 6 500 MPa,
8 500 MPa, Poisson’s ratio is set to 0.2, 0.25, 0.3,
0.35, 0.4 and the falling height is set to 10 mm, 30
mm respectively. The Figure 8 shows the simulation
result of peak acceleration change when the impact
height is at 10 mm and 30 mm and the Poisson’s rate
changes from 0.2 to 0.4 with different elastic
modulus.

As can be seen from Figure 8, when the elastic
half-space with the same elastic modulus and
Poisson’s ratio of 0.2-0.4 is impacted by the same
steel wheel falling at the same height, the peak
acceleration of steel wheel has little change. Thus,
the change of Poisson’s ratio of elastic half-space has
little effect on the peak acceleration of steel wheel.

Figure 9 shows the simulated result of impact
duration when the impact height is at 10 mm and 30
mm and the Poisson’s rate changes from 0.2 to 0.4
with different elastic modulus.
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% - ®— h=10 mm, E=6500 MPa, c =0.3
< ,"l - - &- - h=10 mm, E=6500 MPa, ¢ =0.2
L " i = ¢— h=20 mm, E=2500 MPa, ¢ =0.3
600 f, ;*i* —-@--h=20 mm, E=6500 MPa, ¢ 0.3
i [ -- @-- =20 mm, E=6500 MPa, ¢ =0.2
_ ¢ ¥ ~k h=30 mm, E=2500 MPa, o =0.3
“m 400 - (i i ==%¥-+h=30 mm, E=6500 MPa, ¢ =0.3
g ) L il \ h=30 mm, E=2500 MPa, 5 =0.2
3\ 1 i o
2001 e i i
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Figure 7. Curve of peak acceleration response of steel wheel in the impact process
Table 1. Comparison between the simulation results and the calculation results
Steel wheel
velocity Impact force F/KN Acceleration A/(m's?)
Impact Elastic  v/(m's™) Recovery
height 7 modulus Before After coefficient Error Error
/mm E/MPa  the the e Theoretical ~Simulation Theoretical = Simulation
impact impact value value value value
Vo Vi
10 2500 0.44 0.30 0.68 31.07 33.28 7.11% 383.22 308.72 19.44%
6500 0.29 0.66 48.85 52.73 7.94%  602.59 501.702 16.74%
2 2500 0.63 0.43 0.68 4475 49.15 9.83% 551.96 449.01 18.65%
6500 ’ 0.41 0.65 70.36 64.05 8.97% 867.91 766.78 11.65%
30 2500 077 0.50 0.65 55.39 55.26 0.23% 683.26 592.610 13.27%
6500 ) 0.49 0.64 87.10 91.27 4.79% 107436 895.20 16.68%
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Figure 9. The relationship between impact duration and elastic modulus at different Poisson’s ratios

As can be seen from Figure 9, when the elastic
modulus is smaller than 2 500 MPa, Poisson’s ratio
change has a great effect on impact duration.
However, when the elastic modulus is greater than 2
500 MPa, Poisson’s ratio change has no effect on
impact duration. Thus, the Poisson’s ratio change of
elastic half-space has little effect on the impact
duration of steel wheel.

3.3. Effect law of elastic modulus change on
acceleration response

To find out how the change of elastic modulus of
the material of elastic half-space affects the dynamic
response of steel wheel, the elastic half-space with
Poisson’s rate is 0.3 and the elastic modulus is
between 500 to 14 500 MPa impacted by the steel
wheel at height of 10 mm to 40 mm is simulated.
Figure 10 shows the relationship between peak
acceleration and elastic modulus.

As can be seen from Figure 8, when the steel
wheel impacts the elastic half-space at the same
height, the peak acceleration increases with the
increase of elastic modulus, and presents a quadratic
nonlinear relationship. The fitting relationship
between peak acceleration and elastic modulus at
different heights is shown in Fit CurvelO-Fit
Curve40. From the curves it can be seen that the R?
of the fitting curve is above 0.95, so the fitting curve
has a high fitting accuracy.

3.4. Effect law of impact height change on
acceleration response

To find out how the change of impact height
affects the dynamic response of steel wheel, the
elastic half-space with the Poisson’s rate is 0.3 and
the elastic modulus is 500 MPa to 14 500 MPa is
impacted by the steel wheel at height of 10 to 40 mm
is simulated. Figure 9 shows the relationship between
peak acceleration and impact height.
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Figure 10. The relationship between peak acceleration and elastic modulus
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Figure 11. The relationship between peak acceleration and impact height

As can be seen from Figure 11, when the elastic
modulus remains same, the peak acceleration
increases with the increase of impact height, and
presents a quadratic nonlinear relationship. The
fitting relationship between peak acceleration and
impact height at different heights is shown in Fit
Curve500-Fit Curvel4500 in Figure 11. From the
curves, it can be seen that the R? of the fitting curve
is above 0.95, so the fitting curve has a high fitting
accuracy.

3.5. The effect law of the change of different
influencing factors on acceleration response

To analyze the effect of different influencing
factors on the acceleration response of steel wheel,
the elastic modulus of elastic half-space and the
impact height of steel wheel are taken as the
independent variables, while the peak acceleration of
steel wheel as the dependent variable, the MAP
diagram of the relationship between peak
acceleration and different influencing factors is as
shown in Figure 12.
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Figure 12. The relationship between peak acceleration and different influence factors

Figure 12(a) shows the MAP diagram of the
relationship between peak acceleration and different
influence factors, and Figure 10(b) shows the
residual plot of the fitting curves. As can be seen
from Figure 12(b), the points depicted based on the
elastic modulus and impact height of elastic half-
space as the horizontal axis and the residual value as
the vertical axis has no outliers. The points are
randomly scattered up and down around a plane with
a residual equal to 0, which shows that the fitting of
the simulation values is well fitted with the

regression surface. The fitting relationship is shown
in Formula 6.

A=-30.36+0.05878E +16.66h —
2372%x10° E* +0.001262Eh—0.1972/°

To verify the correctness of the fitting results, 4
different impact height and 4 different elastic
modulus are randomly selected to be calculated and
simulated. The comparison result is as shown in the
Table 2.

(6)
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Table 2. Comparison between the simulation results and the calculation results

Elastic Error (%)
Irr{pact Theoretical Interpolation Simulation
height h modulus 1ue (m/s? (m/s?) value (m/s?) Simulation
value (m/s i
(mm) E (MPa) ( ) Interpolation value
16 3500 597.1 433.1 464.9 27.1 22.1
24 7500 1060.4 790.5 903.9 25.5 14.8
32 10500 1446.9 1080.5 11324 253 21.7
40 15500 1956.9 14442 1587.7 26.2 18.9

As can be seen from Table 2, in the impact
process combined with four randomly selected
impact height and elastic modulus, all the theoretical
values obtained from Formulas (1)-(4) are higher
than the interpolation and simulation values and the
error is around 25%, meeting the engineering
requirements. So it can be used in the calculation of
dynamic process of a particular steel wheel, which
600 mm long and 81.1 kg, impacting the elastic half-
space.

4. Conclusion

1. A finite element model of elastic half-space
impacted by steel wheel is established. According
to Hertz contact theory and Palmgren empirical
formula, it is confirmed that the main influencing
factors of the dynamic response of impact process
include the length and mass of steel wheel, the
impact height, elastic modulus and Poisson’s ratio
of elastic half-space. The process of impacting the
elastic half-space with elastic modulus of 2 500
MPa, 6 500 MPa and Poisson’s ratio of 0.3 by the
same steel wheel falling at heights of 10 mm, 20
mm and 30 mm is simulated respectively. The
results show that the kinematic recovery
coefficient of each impact process is consistent.
The error between the simulation results of peak
impact force and the calculation results of peak
impact force by Formula (3) is less than 10%, and
the error between the simulation results of peak
acceleration and the calculation results of peak
acceleration by Formula (4) is less than 20%,
meeting the engineering requirements. So the
finite element model is proved to be reasonable,
and its simulation results can be used in the
analysis of dynamic process of steel wheel
impacting the elastic half-space;

2. The process of elastic half-space that the elastic
modulus changes from 500 MPa to 8 500 MPa
and the Poisson’s rate changes from 0.2 to 0.4
impacted by steel wheel from the height of 10 mm
and 30 mm is simulated. The simulation result
shows that when the elastic modulus is smaller
than 2 500 MPa, Poisson’s ratio change has a
great effect on impact duration and little effect on
peak acceleration. However, when the elastic
modulus is greater than 2 500 MPa, Poisson’s

ratio change has no effect on impact duration and
no significant effect on peak acceleration;

3. The process of elastic half-space that the elastic
modulus changes from 500 MPa to 14 500 MPa
and the Poisson’s rate is 0.3 impacted by steel
wheel from the height from 10-40 mm is
simulated. The results show that when the steel
wheel impacted the elastic half-space at the same
height, the peak acceleration increases with the
increase of elastic modulus, and presents a
quadratic nonlinear relationship;

4. Based on the simulation results, the elastic
modulus of elastic half-space and the impact
height of steel wheel is taken as the independent
variables and the peak acceleration of steel wheel
as the dependent variable, the MAP diagram and
fitting formula of the relationship between peak
acceleration and different influencing factors is
made. Four different impact height and four
different elastic modulus are randomly selected to
be calculated and simulated, which shows that all
the theoretical values are higher than the
interpolation and simulation values and the error
is around 25%, meeting the engineering
requirements. So it can be used in the calculation
of dynamic process of a particular steel wheel,
which 600 mm long and 81.1 kg, impacting the
elastic half-space.
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Abstract

Conventional sports posture positioning method, using convolution neural network, only uses Fast RCNN algorithm to
locate sports posture, which leads to low accuracy of sports posture positioning. This paper proposes the application of multi-
body system dynamic direction vector model in sports posture positioning. In this paper, the direction vector model of multi-
body system dynamics is used to design the constraint of direction vector property and hinge between objects, calculate the
activity of objects, and establish the motion posture model; The four coordinate systems of image, pixel, camera and world are
established, and the spatial relationship of the four coordinate systems is calculated to complete the spatial transformation of
each coordinate system; The gray transformation is carried out for the image to obtain an image. Gray human body image is
used to obtain the target image and extract the contour of human body region; Similar to Fast RCNN algorithm and multi-scale
context information are used to form a multi scale convolution neural network to locate the sports posture. The experimental
results show that positioning sports posture has better positioning effect, higher positioning accuracy and faster positioning
efficiency.
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of sports posture has become a hot topic in the
relevant departments.

With the development of sports posture
positioning method, the camera and computer
technology are combined. In the training and
competition field, more than two cameras are used to
locate the whole game image. According to the
whole game image, the players’ moving position,
time and other data are accurately determined, and
these data are automatically converted into moving
speed and distance, so as to locate the athletes’ Sports
posture [1, 2]. Sup (Sport universal) is used, the
software includes two parts: analysis software and
advanced camera [3]. The advanced camera has the
function of thermal imaging. It only needs to install
the advanced camera in the training and competition
field to record the whole process of the competition.
Through the analysis software decomposition in sup,
we can get the athletes’ movement data and estimate
the athletes’ position, each set of sup at least reaches
several million, and needs special personnel to debug
and install, which leads to the problem of large-scale
promotion of the software. The emitter and upper
computer are located safely on the athletes [4].
According to the athletes’ sports video captured by
the camera, the sports field is gridded, the first
rectangular coordinate system is established, and the
reference node is designed. The transmitter and upper
computer on the athletes are determined, and the

1. Introduction

In the process of training, athletes need to achieve
the correct posture standard and the correct position
of force. In addition, in the process of sports, the
winning and losing of sports also need to be judged
according to the posture of the athletes. It is difficult
to accurately judge the sports posture of the athletes,
especially football and basketball, etc. at the speed of
speed the sports events with speed endurance and
endurance are the most important. With the
development of the times, the competition of these
kinds of events is becoming more and more intense,
the conversion of attack and defense becomes faster
and faster. It is difficult to judge the athletes’
movement posture and correct the athletes’
movements by the coach naked eye. In the course of
the competition, it is difficult for the referee to judge
whether the athletes violate the rules of the
competition according to the competition process the
image, affect the result of sports match judgment.
Therefore, some experts put forward the word
“posture orientation” to improve the training
efficiency, reduce the physical injury of athletes,
ensure the fair competition, and have far-reaching
significance for improving the teaching and
competitive level of sports. Therefore, the orientation

* Corresponding author e-mail: liufeng810107@163.com.



64 © 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665)

constant values of RF parameters and signal
transmission are determined. The distance and seat
distance between the athletes’ position and each
reference node are calculated. However, this method
needs to constantly determine the position of the
athletes, needs a lot of time to calculate the position
of the athletes, and affects the positioning accuracy
of the athletes’ Sports posture. Taking volleyball
players as an example, we collected volleyball
players’ sports videos, used the background
difference theory to obtain the regional position of
the players’ Sports posture, and divided the
volleyball players’ sports videos into the color
histogram and the gradient direction histogram
according to the color and video gradient, and fused
the two histograms to determine the regional position
of the players and calculate the posture [5]. The
weight of the target region feature is used to get the
athletes’ Sports posture and background feature
components, so as to locate the athletes’ Sports
posture. This method needs less calculation, but it has
the problem of low reliability of posture target.
Literature uses the average frame difference
technology to locate the athletes’ Sports posture. It
also uses the average frame difference technology to
detect the athletes’ region in the video based on the
athletes” sports video. According to the
characteristics of the distribution of the mark points,
it uses the horizontal projection theory to separate the
mark points and non mark points in the athletes’
region. Combined with the distribution law of the
mark points, it uses the K-means -clustering
algorithm. This method is relatively simple, but it has
the problem of low positioning accuracy.

In view of the problems in the above research,
multi-body system dynamics is introduced to locate
the coordinates of athletes in the process of sports,
study the rules of athletes’ sports, and then combine
with the direction vector. By using the compatibility
of proper direction and the characteristics of easy
programming, the direction vector model of multi-
body system dynamics is established to locate the
athletes’ Sports posture, and the multi-body system
dynamics is proposed the application of mechanical
direction vector model in sports posture positioning.

2. Sports Posture Positioning Method Based on
Direction Vector Model of Multi Body System
Dynamics

2.1. Motion attitude model based on direction
vector model of multibody system dynamics

Suppose that the dynamics of multi-body system
is a multi-body system composed of 7, objects and
n; hinges connected with each other, so the set of
objects B = {bl,bQ,---,bl.,'--,bn} is established,
where i=1,2,---,n,and j=1,2,---,n denote the
number of hinges. At this time, select the center of
mass b, in the object set B , take the inertia of the
rigid body as the main axis, establish the connected
base coordinite system 2bl.el(l)eg)eg') , the position

vector 1 = ’”1([)”2([)”3(')} of the origin b, relative

to the inertia base oel, then the kinetic energy £, of
the object set B is:

i

E = % [, P dE = %f-“-’fm,f-“-’ -
M

3 i ! N
% 7 é_(jtlrl_‘[jé_(;] _ %q'(l]TMiq(l]

j=1
In Formula (1), E is the potential energy matrix

of object set B, and E=V(q(i)); dE is the

integral of potential energy matrix E;

3

}";i) =) +Zégi) is the absolute velocity of any
J=1

. . . T
point p on object set B; 4" z[f(l)T,é(l)TJ ,

o) = [ l(i)Tegi)Tegi)T] ’ ej(i) - [ el(jf) eg.) eg)] ’

Jj=123,

M, = diag(m £,11," E,T1,Y E,11,Y E),

— () _ :
m, = IE pdE,IT" = JE pdE [6]. In this case, the
constraints on the multi rigid body system composed

of n; objects and n, joints can be divided into two

parts: the constraints on the properties of direction
vector and the constraints on the joints between
objects, in the formula, the direction vector property

constraint i is:

(L or o _q\]
E(e, € —1)
L or o
E(e2 e —1)
() _ l 0\ (i) 9
v 2(e3 e 1) @
el(i)Tegi)
el(i)Tey)
egi)rey) |

The constraints of joints between objects are more
than the constraints of directional vector properties,

which can be roughly divided into the following: (1)

Suppose that any vector @, and a; on the joints
between objects are perpendicular,

l//(di,aj ) = al.Taj =0; (2) Assuming that the
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relative vector of any two points on the hinge

between objects is ¢, !//(ai,(oij) = a,.Tgo,.j =0

when the vector «, is perpendicular to ¢, (3)
Suppose that the hinge points between objects are d,

and dj, when two hinge points d, and d‘,. coincide,
l//(di,dj ) = rlgj) - rlgi) =0; When the distance
between two hinge points d;, and dj remains

unchanged, l//(d,.,dj)qul.jT.qJ,.j -b*=0; (4) It is
assumed that there is a consolidated coordinate

system (dl.f,.gihl.,djfjgjhj) between the two

hinge points d; and d;, where f,gh and f,g.h;

both represent parallel vectors,
w| fish

l//(h,.,hj)= [ j:| =0 when £, and &, are
vlg.h]

parallel to each other;
v/

l//(h,.,goy.)= [ j] =0 when % and ¢

area

are parallel.

By substituting the above constraints into
Formula (1), Formula (1) can be regarded as the
direction vector model of multibody system
dynamics. At this time, the object and the hinge
between the objects in the above calculation process
represent the athlete’s limbs and trunk respectively.
At this time, the direction vector model of multi-body
system dynamics shown in Formula (1) is the

athlete’s motion posture model.
2.2. Determine camera coordinate system

Before camera calibration, the camera model
must be established. According to the simplest
pinhole imaging principle, the light in the scene
passes through the camera aperture, and then hits the

CCD sensor on the back of the camera to get the

corresponding image [7]. Therefore, four coordinate

systems are established as follows: (1) Image

coordinate system ( X, y) ; (2) Pixel coordinate
system (O,V) ; (3) Camera coordinate system
(X V4 ) ; (4) World coordinate system

(X 2,YZ,ZZ). Calculate the spatial relationship of

the four coordinate systems, and complete the spatial

transformation of each coordinate system.

The spatial relationship between image
coordinate system (x, y) and pixel coordinate
system (O,V). The position relationship between
image coordinate system and pixel coordinate system
can be divided into vertical and non-vertical. When
the two coordinate axes are perpendicular to each
other, there is a relationship between coordinate
systems as shown in the following formula:

X
O:d_+00

: (3)
v:dl+v0

y

In Formula (3), d_ represents the actual size of
the pixel in the X -axis direction; dy represents the
actual size of the pixel in the ) -axis direction;

(00 A ) represents a coordinate position in the pixel

coordinate system (o,v) [8]. In general, the two

axes of the position relationship between the image
coordinate system and the pixel coordinate system
are not perpendicular to each other, and there is a
certain angle @, then:

X, y,cott
d d

x x

0 +y—{{
dysm@

The spatial relationship between camera
coordinate  system ( X, Y ,Zl) and image
coordinate system (x, y). The X, and Y, axes of
the camera coordinate system should be parallel to
the x and y axes of the image coordinate system,
while the Z, axis of the camera coordinate system is
the optical axis. According to the similarity principle
of triangles, it can be concluded that:

0=0,+

“)
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The spatial relationship between camera

coordinate  system (XI,Y1 ,Zl) and world

coordinate  system (XzaYzaZz)- The world

coordinate system will associate the image
coordinate system, pixel coordinate system, camera
coordinate system with the space object. According
to the transformation principle of the space

coordinate system, the following relationship can be

obtained:
X
X, g
T e |L
Y= : (6)
0 1]|Z2,
Zl
1

In Formula (6), T represents the rotation matrix,
which belongs to the orthogonal unit matrix with the
size of 3 * 3; & represents the three-dimensional
vector [9]. By synthesizing the above four calculation
formulas, the relationship between the four
coordinate systems is obtained, so as to obtain the
coordinate system of the equipment in the process of
athletes’ sports, determine the coordinates of the
camera position of the athletes, obtain the target
image, and extract the contour of the human body

region.

2.3. Extracting the contour of human body region
from the target image

According to the collected sports video sequence,
we need to select the image of the motion posture to
be located as the target image of the motion posture
positioning. Therefore, on the basis of the determined
position of the camera to capture the athletes’ Sports
posture image, the gray-scale transformation of the
image is carried out, and a gray-scale human body
image is obtained. Then m consecutive image
sequences f, (t =12, m) are selected from the
video data. Suppose that the gray value of a pixel
(x,y) onthe j -th image is Gj (x,y) , then for the
m -th image sequence, the average gray value of the
pixel (x,y) is:

_ 1 &
G, (x.y)=—2.G,(xy) )
j=1

_ Using Formula (7), the average gray values
G, (x,y), G, (x,y), -, G, (x,y) of m image
sequences on each pixel point are calculated in turn.
Then the new image composed of pixels with average
gray values is the calculated background image.

After obtaining the target image and the
background image, we can use the background
difference method to calculate the difference
between the target image and the background image,
S0 as to obtain the contour of the human body. Set a
frame containing the human body selected from the
video data to H (x, y) after gray conversion, and
the obtained background image is G (x, y) , and the
threshold value is D , then:

(x,y)e target if|H(x,y) - G(X,)’)| >D

8
(x, y) € background others ®

Usually, there are isolated noise points of
different sizes in the human body region obtained by
background difference method, which will interfere
with the subsequent processing and affect the effect
of human contour extraction. The commonly used
solution is to use median filter to denoise the
preliminary human body region image [10]. Median
filtering uses the median value of the gray value of
all pixels in the neighborhood window of a pixel to
replace the gray value of the pixel, which has a good
effect on eliminating the noise points in the extracted
human body region image [11].

Some human body region images will appear
cavity, fracture or loss of some parts of the human
body during processing [12]. Therefore, it needs to
be repaired. The usual method is to use the image
morphology methods such as dilation operation and
erosion operation to deal with the unsatisfactory
human body region image. Firstly, the denoised
human body image is expanded to fill the small holes,
then:

X@Y:{ueyz,u:x—i-g,xe)(} ©)

In Formula (9), 7/2 represents the two-

dimensional space of the human body region image;

u represents a point in the human body region

image; X represents any point in the pixel (x, y) s

X represents the set of pixel (x, y), and g

represents the hole position in the background image
[13]. Next, the image of human body region is

corroded to eliminate the noise of small area, then:

X Y:{ueyz,u+geX} (10)
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After the human body region image is restored by

morphological method, it is binarized:

0 spot(x, y) € Contour area

,V)= 11
g(x y) 1 spot(x,y)eEContourarea (an

By synthesizing the Formula (5), the contour
extraction of the positioning target is completed, and
the clarity of the extracted contour can be guaranteed.
At this time, only according to the movement posture
model, we can locate the posture of athletes in sports.

2.4. Positioning the posture of sports

In this study, the multi-scale convolution neural
network will be used to locate the sports posture
based on the movement posture model. The multi-
scale convolutional neural network is composed of a
candidate frame generation sub network and a
positioning sub network [14]. The candidate frame
can be generated at different levels in the sub network
by using a small positioning network to generate
candidate frames of different scales [15]. Therefore,
in the positioning sub network, the candidate box
output from the sub network is used as the input. In
the multi-scale convolution neural network
algorithm, the candidate frame is generated into a sub
network. In four convolution layers with different
depths, the candidate frame is generated for the
target. Each small network only trains the training
samples within a certain scale, ignoring the
contribution of the target outside the scale to the
small network. Assume that the whole training set is
S={S,,8,,--,8,}, and S, is the sample set
contained in scale &, which only contributes to the
k -th small location network. The loss function of the
network is defined as follows:

L(n)= Z; ersk “.k(I(I(X)’ U)

+5[U=1]I(g.9)) (12

In Formula (12), L(I]) is the loss of multi-scale

convolutional neural network; 77 is the learning
parameter of the network; w, is the weight of &

range of each scale; /, is the classification loss;
1 ) ) L. . .
( ) is a function of predicting classification

probability and the real label U ; 1, is the regression

loss of rectangular box, which is a function of
positive sample prediction box ¢ and real box ¢ ;
O is the weight parameter representing the

regression loss of positive sample rectangle [16].

According to the multi-scale convolutional neural
network structure selected above, the network loss

function calculation formula is determined, and the
Fast RCNN algorithm is used to locate the final
sports posture. The convolution layer backbone is
shared with the convolution layer of the candidate
frame generation sub network, which only extracts
the features used to locate the motion posture in the
conv4-3 layer of the convolution backbone, and the
definition of the loss function is the same as that of
the Fast RCNN algorithm, which is divided into
classification loss and rectangular frame regression
loss [17]. Different from Fast RCNN algorithm,
deconvolution operation and single scale context
information extraction strategy are used in sports
posture positioning sub network.

Due to the great difference of sports posture, the
scale span of sports posture to be located is large. In
the process of sports, many athletes are far away from
the sports field monitoring, resulting in their scale in
the image area is very small. Suppose a pedestrian
target with a width of 32 pixels, its characteristic
width in the fourth convolution layer is only eight
times of the original 1. Only 4 pixels are occupied in
the feature map [18]. At this time, ROI-pooling will
introduce large feature error. Therefore, the feature
graph is up sampled to avoid the introduction of
additional parameters and computational complexity.

Based on the above analysis, according to the
extracted sports posture positioning target and the
analysis results of sports posture model, in the
selected multi-scale convolution neural network,
multi-scale extraction context information is used to
help multi-scale convolution neural network locate
sports posture [19]. Because the “multi-scale” in the
multi-scale convolution neural network algorithm is
mainly reflected in the candidate frame generation
sub network, but in the target positioning sub
network, it only extracts features in one convolution
network layer, which ignores a very important
concept of deep convolution network, that is, the
features of different convolution layers express
different levels of information in the image.

The convolution layer of deep convolution neural
network uses the learned template to carry out linear
transformation on the pixels in the input image in the
form of sliding window. From the perspective of
network structure, multiple convolution layers are
connected in a cascade way, that is, the template is
used to continuously carry out linear transformation
on the transformed image [20]. After visualizing
these different levels of features, we can get the
conclusion that the shallow convolution layer output
generally contains more local edge information,
which is not robust to noise, while the deep
convolution layer output contains semantic
information about the whole image [21, 22].
Although many details are ignored, the semantic
judgment of the target is relatively robust. These
features of different levels are simply connected
together. For the convoluted feature map of different
levels, the corresponding feature map area of the
sample is found in the feature map, and then the
feature of the area is extracted by ROI-pooling
method, and these features are stacked together by
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the connection layer, so that the target is easy to
understand A convolution layer is used to simplify
the parameters of these features, and finally the full
connection layer is used for classification and
rectangular box regression. So far, the positioning of
sports posture is completed.

Definitions of all the variables in the text are
shown in Table 1.

Table 1. Variable definition

Symbol .
abbreviation Meaning
n, objects
n; hinges
B the set of objects
i,j the number of hinges
b the center of mass in the object set
i
B
biel(i)egi)egi) the base coordinate system
(i) the position vector relative to the
r inertial base
E the potential energy matrix of the
target set
dE the integrals of the potential energy
matrix
p any point in the collection B
];’([ ) the absolute speed of any point p
P
% the property constraint for the
direction vector
4. a any arbitrary vector of the nodes
i

J between objects
relative vector of any two points on

Pi the hinge between objects

d i d j the hinge points between objects

f.gh. . the parallel vectors between the two
hinge points d, and d .

1:8:h P : J

(x, y) the image coordinate system

(0, v) the pixel coordinate system

(X 15 Yl ,Z | ) the camera coordinate system

(X 2 Y 2 Z 2 ) the world coordinate system

d the actual size of the pixel in the X -
N axis direction

d the actual size of the pixel in the y

-axis direction

the coordinate position in the pixel

v, .
(00’ 0) coordinate system (O,V)

the horizontal and vertical axis angle
0 between image system and pixel

system

the orthogonal rotation matrix of size
T 3*3
& three-dimensional vector
f the serial sequence of continuous
vt images selected from the video data
m the number of image sequences

the gray value of a pixel (x, y) on
G, (x,y)

the j -th image

— the average gray value of the pixel

G (x¥)  (x,y)

H( ¥ ) all frame sets after image gray scale
¥ conversion selected from the video data

the grayscale-transformed background
G ( X, y) gray: gl

images
D the threshold value for the grayscale
conversion
2 the two-dimensional space of the human

body region image

u a point in the human body region image
X the set of pixel (x, y)
g the hole position in the background
k ratio scale
S the sample sets trained by proportion in
k convolutional neural networks
L ( ) the loss of multi-scale convolutional
n neural network
n the learning parameter of the network
w, the weight of k range of each scale
[1 the classification loss
U the real label
/ ( X) a function of predicting classification
probability and the real label U
67 the positive sample prediction box
q the real box
the regression loss of rectangular box,
l which is a function of positive sample
2 . ~
prediction box ¢ and real box ¢
the weight parameter representing the
o regression loss of positive sample

rectangle

3. Experimental Results and Analysis

Three groups of conventional sports posture
positioning methods were selected, and EOS C300
Mark 2 high-definition camera was used to collect
the far mobilization video of volleyball. Taking the
movement posture of volleyball players in sports as
the experimental object, the sports posture
positioning method based on multi-body system
dynamics direction vector model was verified.
Compare four groups of sports posture positioning
methods, positioning sports posture performance.

3.1. Experimental preparation
According to this experiment, the experimental

camera EOS C300 Mark 2 HD camera is shown in
Figure 1.
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Figure 1. EOS C300 Mark 2 HD camera

The parameters of EOS C300 Mark 2 HD camera
are shown in Table 2.

Table 2. Parameters of EOS C300 Mark 2 HD camera

Specifications

Super 35mmcmos single
Type chip sensor

Total prime nine million eight hundred
number and forty thousand

Product configuration

Sensor ioht i oht
. eigl million  eig
Eif;lectlve hundred and fifty
p thousand
Filter RGB primary filter
Camera Bayonet EF bayonet
lens type

Support lens  EF LENS, EF cinema lens
Manual/single automatic

Exposure aperture/automatic
mode

aperture control
Shutter Speed, angle, clear scan,
settings slow or off

Manual setting (you can
Ape':rture choose to set in 1/2 or 1/3
setting

or fine display setting)

Is0100%*-102400%*
(extended sensitivity)

Exposure SO
control sensitivity
setting
Normal setting (-6 db to
54 db*)
Gain setting  Fine setting (can be set in
0.5 dB between -6 db and
54 db)
Built in, electric, 5 density

ND filter settings (2, 4, 6, 8%, 10%)
Video storage format CFAST card record video
format

Under the condition of EOS C300 Mark 2 high-
definition camera parameters as shown in Table 2,
the collected volleyball player sports video sequence
contains a total of 500 images. From these 500
images, 200 images are selected as training samples
and 300 images are selected as test samples. The
selected volleyball player sports video sequence
image example is shown in Figure 2.

According to the experimental object shown in
Figure 2, the four groups of sports posture
positioning methods need to be run on the computer
to locate the volleyball players’ Sports posture.
Therefore, the operation environment of the four
groups of positioning methods is designed as shown
in Table 3.

Figure 2. Example of video sequence image of Volleyball
Players

Table 3. Operation environment of four groups of
positioning methods

Environment  To configure Specifications

Hard disk 500 GB/5400 rpm
Memory DDR3 4G
Hardware Intel Core i5 2.4
. Processor
environment GHz processor
. Intel(R) HD
Graphics card Graphics 3000
Operating Windows 7, 64 bit
environment operating system
Software MATLAB
environment  Development language,
environment MATLAB R2012b
software

Based on the experimental object selected in this
experiment and the designed experimental
environment, four groups of sports posture
positioning methods are used to locate the volleyball
players’ Sports posture respectively. The four groups
of sports posture positioning methods are compared
to locate the volleyball players’ Sports posture effect,
efficiency and accuracy. The experimental results
and experimental process are as follows.

3.2. Experimental result

3.2.1. The first group of experimental results

Four groups of positioning methods are used to
locate the volleyball players’ movement posture in
the video sequence image example of volleyball
players as shown in Figure 2, and the positioning
results of volleyball players” movement posture are
calibrated, so as to judge the four groups of sports
posture positioning methods and locate the effect of
volleyball ~players’ movement posture. The
experimental results are shown in Figure 3.

It can be seen from Figure 3 that the three groups
of conventional methods can only locate the
movement posture of volleyball players by a large
margin, but the positioning range of conventional
method 1 is wide, which objectively shows that the
positioning accuracy of conventional method 1 is
low, and the positioning range of conventional
method 2 is wide. Conventional method 1 is small,
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which objectively indicates that conventional method
2 has high accuracy in positioning volleyball players’
motion posture; Conventional method 3 has
deviation in positioning volleyball players’ motion
posture, when the distance between two players is
relatively close, the two players’ motion posture will
be positioned together, which objectively indicates
that conventional method 3 is extremely low in
positioning volleyball players’ motion posture;
However, the research method is limited Positioning
the movement posture of volleyball players, as long
as the players have movement posture, they will be
positioned to the movement posture of volleyball
players, and the positioning range is small, so the
movement posture of each part of the players can be
positioned separately. It can be seen that the research
of sports posture positioning method, positioning the
athletes of all parts of the movement posture effect is
better.

(a)Design method (b)Conventional method1

(c)Conventional method2 (d)Conventional method3

Figure 3. The effect of four groups of methods in
positioning volleyball players’ movement posture

3.2.2. The second group of experimental results

On the basis of the first group of experiments, the
second group of experiments was carried out to
calculate the accuracy of the four groups of
positioning methods in positioning the movement
posture of volleyball players, and to verify the
accuracy of the four groups of positioning methods
in positioning the movement posture of volleyball
players. In this experiment, a total of 300 video
sequence images of volleyball players as shown in
Figure 2 are selected as the sample data of this group
of experiments to test the accuracy of four groups of
positioning methods to locate different numbers of
volleyball players’ movement posture samples. In
order to ensure the preciseness of the experiment, the
positioning accuracy is recorded every 25 volleyball
players’ movement posture images, including the
first and last experimental values. The experimental
results are shown in Table 4.

Table 4. The correct rate of positioning volleyball players’
movement posture with four groups of positioning
methods

Number of Design Conventiona Conventiona Conventiona
experimental metho 1method I Imethod2 1method 3

samples  d (%) (%) (%) (%)

1 sheet 97.8 94.6 93.6 92.5
25sheet  97.6 95.1 93.0 92.6
50 sheet ~ 97.0 94.3 933 93.0
75 sheet 979 94.5 93.5 94.7
100 sheet  97.4 95.0 93.7 929
125 sheet  97.5 93.9 93.0 94.0
150 sheet  98.0 94.2 929 92.8
175 sheet  97.6 94.9 932 94.1
200 sheet  97.7 93.8 933 92.7
225 sheet  97.5 94.1 93.5 92.5
250 sheet  98.0 94.5 94.0 933
275 sheet  97.3 94.3 94.1 92.8
300 sheet  97.7 94.2 932 92.7

It can be seen from Table 4 that the difference
between the maximum and minimum values of the
conventional method 1 is 1.3%, with an average of
94.4%; The difference between the maximum and
minimum values of the conventional method 2 is
1.2%, with an average of 93.4%; The difference
between the conventional method 3 and the
conventional method 3 is 1.2%. The results show that
the difference between the maximum and minimum
value of the correct rate of the sample is 2.2%, with
an average of 93.1%; The difference between the
maximum and minimum value of the correct rate of
the sample is 1%, with an average of 97.6%; It can
be seen that the correct rate of the sample of the
different number of volleyball players is the highest.
The differences between the maximum and minimum
values were 0.3%, 0.2% and 1.2% smaller than those
of the three conventional methods, and the average
values were 3.2%, 4.2% and 4.5% smaller than those
of the three conventional methods. Therefore, the
accuracy of the research method is significantly
higher than that of the three conventional methods.

3.2.3. The third group of experimental results

On the basis of the first group and the second
group of experiments, the third group of experiments
is carried out to calculate the positioning time of the
four groups of positioning methods to locate the
volleyball players’ movement posture and verify the
efficiency of the four groups of positioning methods
to locate the volleyball players’ movement posture.
In this experiment, 300 video sequence images of
volleyball players as shown in Figure 2 are also
selected as the sample data of this group of
experiments to test the time for four groups of
positioning methods to locate different numbers of
samples of volleyball players’ movement posture. In
order to ensure the preciseness of the experiment, the
positioning accuracy is recorded every 25 volleyball
players’ movement posture images, including the
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first and last experimental values. The experimental
results are shown in Table 5.

Table 5. Positioning time of volleyball players’ movement
posture by four groups of positioning methods

Number of Design conventiona conventiona conventiona
experimenta metho 1method 1 1method2 1method 3

Isamples d(s) (s) (s) (s)

1 sheet  0.62 1.57 1.10 1.05
25 sheet  1.31 2.56 1.75 1.81
50 sheet  1.62 3.40 2.51 2.58
75 sheet  2.35 4.34 2.99 3.28
100 sheet  2.65 5.06 335 3.98
125 sheet  3.23 5.99 3.81 4.11
150 sheet  3.75 7.53 4.58 4.92
175 sheet  4.30 8.14 5.35 5.57
200 sheet  4.98 8.96 5.98 6.02
225 sheet  5.57 9.70 6.72 6.97
250 sheet  6.34 10.03 7.12 7.85
275 sheet  6.91 10.94 7.95 8.95
300 sheet  7.89 11.42 8.70 9.87

It can be seen from Table 5 that with the increase
of the number of volleyball players’ movement
posture samples, the positioning experiment
increases. Among them, the difference between the
maximum and minimum values of routine method 1
is 9.85 s, and the average value is 6.9 s; The
difference between the maximum and minimum of
the sample time of different number of volleyball
players’ movement posture is 7.6 s, with an average
of 4.8 s; The difference between the maximum and
minimum of the sample time of different number of
volleyball players’ movement posture is 8.82 s, with
an average of 5.2 s; The difference between the
sample time of different number of volleyball
players’ movement posture is 8.82 s, with an average
of 5.2 s. The difference between the minimum value
and the maximum value is 7.27 s, and the average
value is 4.0 s. It can be seen that the difference
between the maximum and minimum values of
different number of volleyball players’ movement
posture sample time is 2.58 s, 0.33 s, 1.55 s less than
the three groups of conventional methods, and the
average value is 2.9 s, 0.8 s, 1.2 s less than the three
groups of conventional methods. Therefore, the
efficiency of the research method is significantly
higher than that of the three conventional methods.

Based on the above three groups of experimental
results, we can see that the sports posture positioning
method has better positioning effect, higher
positioning accuracy and faster positioning
efficiency.

4. Conclusion

This paper applied a directional vector model for
the dynamics of many-body systems. The
combination of multi-body system dynamics model
and direction vector, constitute a multi-body system

dynamics direction vector model, determine the
athletes in the process of sports, limbs, trunk and
head and other parts, the existence of the movement
law and direction. The experimental results show that
this method improved the positioning effect of the
motor posture, provided with a better positioning
accuracy, shortened the positioning time, and
provided with a theoretical reference for the coach to
accurately judge the movement posture and correct
the athlete movements. However, there are still some
deficiencies in this research. In the future research,
we need to further study the constraint information of
joint points in the sports posture positioning method,
solve some depth differences, and further improve
the positioning accuracy.
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Abstract

Orientation of corn is an essential step in the corn product processing. Corn processing mainly includes cutting root, tip,
segment, and grain, and the whole ear packaging, etc., and at each step, the ear needs to be operated in a straight direction. In
this paper, the physical parameters of three kinds of corn have been measured, and combined with the characteristics of corn
shape geometry, the corn orientation solutions have been put forward. The corn orientation device has been designed, and its
working principle has been introduced. When the primary belt speed was 1.426 m/s, all of corn can come off the belt. In order
to ensure the requirements of corn processing technology, the orientation device can solve the following problems. When the
corn was transmitted in the front of corn small diameter, corn orientation device could make the corn flip in the former of corn
big diameter. The corn was transmitted in the front of corn big diameter; corn orientation device keeps its original direction
remains the same.

© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved

Keywords: corn; orientation device; physical parameters; the primary belt speed;

Name 1. Introduction
L, |length of swinging rod, m |L |length of corn, m Fruit and vegetable classification system is an important
L; |the length between gravity |Fax|the stress what swinging part of fruit and vegetable commercialization treatment
of the swinging rod and rod at point A was in after picking. It can reduce the production cost of fruit and
point A, m horizontal, N . .
— — vegetable storage, packaging, processing and so on. It plays
Fay|the stress what swinging  |Fpx [the stress what swinging . e in i o f S ..
rod at point A was in rod at point B was in an 1rpportanf role in increasing farmers’ economic income
vertical direction, N horizontal direction, N; and improving enterprises’ economic benefits. In the corn
Fpy|the stress what swinging |G, |the gravity of the swinging grading system and production process, it is imperative to
rod at point B was in rod, N study corn ear orientation. Many institutions have carried

vertical direction, N;
o |angle between swinging  |Ls [length between corn

out research on the directional mechanism of fruits and
vegetables. Such as, in 2008, in Nanjing Forestry

rod and the vertical centroid and the big > R . R
direction. © diameter end. m University, Huang et al. researched that in apple automatic
Fux |the stress what corn in Fuy |the stress what corn in grading production line, an automatic orientation system
point B was in horizontal point B was in vertical has been installed. It can make the apple stem in a vertical
direction, N direction, N position, and implemented apple’s direction [1]. It was

Fx [the stress what point C was |F.y [the stress what point C was
in horizontal directions, N; in vertical directions, N;
B |angle between corn and m; |the mass of the swinging

composed of apple transportation system, automatic
orientation trolley, computer visual control system and

horizontal plane, ® rod, kg grading execution equipment. The grading of apple was

m; |the mass of corn, kg P, |momentum of collision of judged according to the national standards and the location
corn and swinging rod, information of apples was confirmed. By computer

N'm recognition control system, the grading of apples was

vo |the primary belt speed, m/s [J  |the rotational inertia of

completed. In Xinjiang Agricultural University, a research
swinging rod P J1ang AL y

study demonstrated that the automatic orientation device of

o |angular velocity after h, |center height of gravity of . . '
collision of swinging rod swinging rod from natural apricot, it was through the two-conveyor belt of apricot to
state to graphic state, m realize the direction [2, 3]. It was reported that in South
h, |height of the focus from China University of Technology, the orientation device of
corn ever collide with the automatic pencil sharpener was studied, and the pencil

swinging rod to chart the

. sharpener automate assembly was made [4, 5]. And there’s
critical state, m

some literature that shows that in the analysis of the
directional device, the theory of position degrees of freedom

* Corresponding author e-mail: 43511252@qqg.com.
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and gesture coefficient theory respectively were put forward
[6].

To sum up, in the paper, the study of corn ear orientation
device was proposed to better solve the problems of corn
classification and processing.

2. Physical Parameters Experiment of Corn

Physical parameters of corn include appearance size,
quality of corn. They are important parameters, which
determine the scheme and structure of the corn orientation
device.

2.1. Experimental instruments and materials

Experimental instruments: vernier caliper and ruler;

Experimental materials: three kinds of fresh corns
including sweet 6, jin cui wang and Heji waxy 3 with widely
planted area in Jilin province. (These are 3 kinds of corns.)

2.2. Experimental method

In this paper, 50 ears of each corn ear were taken for
measurement. Their big diameter, small diameter, length
and quality have been measured. Because the small
diameter of the corn at the top end is too small, and the
value changes very big, the section diameter was taken the
top 10 mm distance from top end. Length of corn didn’t
include the length of corn handle. Each product was
measured three times and took its average as the measured
results [7].

2.3. Experimental results

In the paper, measurement results of three kinds of corn
were analyzed. Extreme value range of length, big diameter,
small diameter and quality of corn was as shown in Table 1.
Distribution table of length, big diameter, small diameter
and quality of corn was as shown in Table 2.

In Table 1, the variation range of corn appearance size
and the mass were illustrated. In Table 2, the corn with big
diameter between 46 and 58 mm was 85% of the total corn.
The corn with small diameter in the range of 34-40 mm was
85% of the total corn. Corn with length in the 170-200 mm
was 87% of the total corn. The corn in mass of 200-230 g
was for 87% of the total corn. These four parameters are the
basis for designing corn orientation device and building
entity model of corn. Therefore, the establishment of
mathematical model among diameter, diameter, mass and

length has a certain guiding significance for the design and
research of the corn orientation device.

Table 1. Extreme value table of appearance size and the mass of
corn

. B.lg Small Length The mass
Project diameter diameter (mm)  of corn (g)
(mm) (mm) &
Maximum value 61.7 41.5 218.7 2387
Minimum value  39.1 31.2 1614 1814

3. Structure and Working Principle of Corn
Orientation Device

Corn orientation is an important step in corn grading.
According to the physical parameters of corn, the structure
of corn orientation device was designed and its working
principle was described in detail.

3.1. Structure of corn orientation device

Corn orientation device was mainly composed of two
belts and a swinging rod mechanism. The swinging rod
mechanism was the core. Three-dimensional modeling
diagram is shown in Figure 1.

1

Figure 1. Three-dimensional modeling diagram of corn orientation
device

1. primary belt; 2. guide bar of primary belt; 3. swinging rod; 4.
swinging shaft; 5. beam; 6. guide bar of auxiliary belt; 7. auxiliary
belt; 8. the primary belt frame; 9. primary belt motor; 10. swinging
rod frame; 11. the auxiliary belt frame; 12. supporting foot of the
belt frame;13. auxiliary belt motor

Table 2. Distribution table of appearance size and quality of corn

Big diameter Small diameter Length of corn Quality

No  Value range Proportion Value range Proportion Value range Proportion Value range  Proportion
(mm) (%) (mm) (%) (mm) (%) (€] (%)

1 38-42 1 30-32 1 160-170 6 180-190 1

2 42-46 5 32-34 6 170-180 12 190-200 6

3 46-50 12 34-36 13 180-190 38 200-210 13

4 50-54 39 36-38 42 190-200 37 210-220 36

5 54-58 34 38-40 30 200-210 5 220-230 38

6 58-62 9 40-42 8 210-220 2 230-240 6

Note: Proportion is the ratio of corn with different parameters to the total amount of corn. Such as corn diameter value in the 38-42 range of

corn accounted for 1%.
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(1) Guide bar

Figure 1 shows, the guide bar (2) (6) was fixed belt rack to make
the corn motion on the belt adjusted for the axial and horizontal
velocity in the same direction. Guide bar. It’s the structure that is
shown in Figure 2.

(2) Swinging rod

Figure 1 shows, the role of the Swinging rod (3) was to connect
beam and support beam. It consisted of a terminal with a threaded
shaft and with a notch plate welding, is shown in Figure 3.

(3) Primary belt

Figure 1 shows, the role of primary belt (1) was for swinging rod
institutions conveying corn grain, and make corn grain out of the
primary belt.

(4) Auxiliary belt

Figure 1 shows, the role of auxiliary belt (7) was to help the com
orientation and down a workstation.

(5) Swinging rod frame

Figure 1 shows, swing rod frame (10) has two roles, one was the
fixed beam; The other was to use gear lever of the welding rod
placed in the swing swinging frame consumption of energy, to
make the swinging rod to rest as soon as possible, for the next
downstream.

(6) Swing rod

Figure 1 shows, swinging rod (3) was the key to achieve corn
orientation. It consists of a total of five plates, a rod body and a
number of fasteners, its structure is shown in Figure 4.

3.2. Working principle of corn orientation device

Speed of corn on the primary belt was equal with speed
of the primary belt tape, and through the role of the guide
bar, direction of the axis of the corn was same with the speed
of the horizontal motion [8]. At this time, big diameter of
the corn may be in the front, or small diameter of the corn
may also be in the front.

In Figure 5, when small diameter end of the corn was in
the front, because the diameter of small diameter end of the
corn was less than the diameter of the hole of the swinging
rod, the corn would be inserted to the hole of the swinging
rod, then as seen if Figure 5(a). Under the action of corn, the
swing rod was swinging, and small diameter end of the corn
was swinging with swinging rod movement, then as seen if
Figure 5(b). When swing rod was a certain angle, corn
would drop out the primary belt, then as seen if Figure 5(c).
At same time, under the action of the swing rod and
auxiliary belt, corn was flipped and the big diameter end of
the corn was in the front to delivery, then as seen if Figure
5(d). When the swinging rod was swinging back, the swing
rod would be collided with the pendulum rod rack of swing
rod to consume mechanical energy of swinging rod and
make it static fast. When small diameter end of the corn was
in the front, the process diagrams of orientation device were
shown in Figure 5(a-d). In the Figure 5, the direction of the
arrow was the movement direction of the corn in horizontal
direction.

In Figure 6, when the big diameter end of the corn was
in the front, because the diameter of big diameter end of the
corn was larger than the swinging rod, the big diameter end
of the corn couldn’t insert into the hole of the swinging rod,
then as seen if Figure 6(a). Under the action of corn, the
swinging rod was rotating then as seen if Figure 6(b), and
then the corn was on auxiliary belt. At the time, the corn
was delivered at big diameter end of the corn before as seen
if Figure 6(c). When the swinging rod was swinging back,
it would collide with the rod rack of the swinging rod frame
to consume mechanical energy of the swinging rod and stop
it quickly. The process diagrams of orientation device were
shown below in Figure 6(a-c). In the Figure.6, the direction
of the arrows was for the movement direction of the corn in
horizontal direction.

Figure 2. Guide bar

(@) ' )

(0) (d
Figure 5. The process diagrams of orientation device when small diameter of the corn was in the front

Figure 6. The process diagrams of orientation device when big diameter of the corn was in the front
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4. Mechanism of Corn from the Primary Belt

During the separation of corn from the primary belt,
there might be two things: Firstly, static friction force was
large enough between corn and the belt, on which the corn
could be out of the primary belt by the static friction force
between corn and the primary belt; Secondly, the static
friction force is not big enough between corn and the
primary belt. The relative sliding would be produced
between corn and the primary belt. Corn could be out of the
belt mainly depending on its own momentum.

4.1. Analysis idea

In order to determine the mechanism of the corn from
the primary belt, which belongs to the first kind of case or
to the second case. In this paper, “friction” in critical state
ofthe corn needed to be analyzed. The flow chart of analysis
idea was shown in Figure 7.

4.2. Analysis process

When small diameter end of the corn was in the front,
diameter of small diameter end of the corn was less than the
diameter of swinging rod hole. Small diameter end of the
corn would be inserted to hole of the swinging rod. Then it
was swinging with the swinging rod movement, until corn
was out of the primary belt. In this process, the contact
between corn and swinging rod was simplified. The corn

Suppose there is a
critical state between

the corn and the belt.«
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was simplified to connecting rod. When corn was in the
critical state, the following result was shown in Figure.8, in
which A was articulated point of the swinging rod and
swinging shaft, B was hinged point of corn and swinging
rod, C was application point of the primary belt and corn,
a was angle between swinging rod and the vertical
detection in the critical state, # was angle between corn in
the critical state and horizontal plane, h; was gravity
elevated height of swinging rod from the state of nature to
graphic state, h> was gravity elevated height of corn from
the state never in contact with the rocker to graphic state,
direction of the arrows was the direction of rotation for the
pulley in Figure 8.

When the corn would be out of the primary belt, length
of the corn was ignored which plug into swinging rod hole.
At the time, the length of the corn was its overall length in
Figure.8. By the geometric relationship, the formula was
taken.

le + le -r
2L7
In the formula, L1 was length of swinging rod, m; L was
length of corn, m.
T T—a
= 2
B ) 2

After the linkage was decomposed to analyze in Figure
8. The stress of swinging rod and the corn were shown in
Figure 9 and Figure 10 respectively.

M

cosa =

The static friction force

@ between corn and the primary
Caleulate the friction It E\ < f*l:> belt was large enough, and it
of comn critical state, belongs to the first kind of
the maximum static case
friction f.< The static friction force

If ch > f , |j‘> between corn and the

primary belt was lack, and it

belongs to the second case.<

Figure 7. The flow chart of analysis idea

f: the maximum static friction, N.

Fx: the friction force between corn and the primary belt, N.

@

@

4

/_
@ ®

Figure 8. Model what corn would be out of the primary belt
1. The primary belt; 2. Swinging rod; 3. Corn; 4. The auxiliary belt
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Figure 9. Stress analysis diagram of swinging rod

According to Figure 9 and Figure 10, by mechanics
knowledge, they were known:

Fy-L-cosa—Fy, -L -sina—G,-L,-sina=0 (3)

Fp —F,, =0 “)
F, —F,, =0 ®)
E? _E-X = O (6)

F,,-L-cosp+F,, -L-sinff—G,-L,-cosf=0 (7)

By type (3), 4), (5), (6) and (7), they could be
obtained:

_G-Lysina-L-cosa+G,-L,cos f-L sina
L-sinf-L, -sina+L, -cosa-L-cosf

®)

[@%¢

Length of the swingingrod was L1, L, =0.236 m; By
suspension line method, center of gravity of the swinging
rod was measured, taking L, =0.19 m; The mass of the
swinging rod was mi, m, =0.450 kg; Assume that
center of gravity of the corn was focus on its axis, so

1
L= EL . The values of m1, L1 and L3, and limit length

and quality of maize corn in Table 1 respectively have
been plugged into type (8).

When length of corn was L =0.1614 m, the mass of
corn was m, =0.1814 kg, F,, =2.095 N. When
length of corn was L =0.2187 m, quality was
m, =0.2387 kg, F,

cX
maximum static friction coefficient between the corn and
belt A was measured to be 0.42, then:

f=m,gu=02387x10x0.42=1.00254 N (9

=2.350 N. By experiments,

Obviously F, > f, it belonged to the second case.

When small diameter end of the corn was in the front, corn
would depend mainly on its own momentum from the
primary belt. At the same time, it was not necessary to
analyze the case that big diameter end of the corn was in
front.

4.3. Determination of the primary belt speed

Through the above analysis, there was a critical value
V for the primary belt speed. When the primary belt speed
was greater than V, corn could be separated from the
primary belt; When the primary belt speed was less than
V, it could not guarantee that all corn could be separated
from the primary belt. In this paper, critical speed V of the

FcY

Figure 10. Stress analysis diagram of corn

primary belt has been estimated. From collisions between
corn and swinging rod to the corn out of the primary belt,
three stages have been divided into: the first stage was
before the collision of corn ear and swinging rod; the
second stage was collision moment between corn and
swinging rod; in the third stage, corn was out of the
primary belt after collision between corn and swinging
rod.

The first stage was the corn grain and swinging rod
before the collision. The corn with the belt on the primary
belt was at synchronous movement, namely the size of the
corn grain rate is equal to the size of the primary belt
speed. In order to simplify the calculation, quality of
maize grain is simplified to homogeneous cylinder, the
swinging rod was simplified to the rod body (uneven
quality), and the center axis of maize grain and the end of
the rod body were in the same horizontal plane. Schematic
diagram before collision of corn and swinging rod was
shown in Figure 11. Directions of the arrows in figure
were the direction of corn grain. At this time, maize grain
has momentum for Po, then:

B =myy, (10)

Figure 11. Schematic diagram before collision of corn and
swinging rod
1. corn; 2. swinging rod; 3. the primary belt; 4. the auxiliary belt

Figure 12. Moment of collision of corn and swinging rod
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The second stage was the moment of collision corn and
swinging rod. The system of corn and swinging rod was
as the research object, at the moment of collision, the
small diameter end of corn was interacted with swinging
rod. Because at the moment of collision of corn and
swinging rod, the displacement couldn’t occur, external
forces didn’t affect the system, and momentum of the
system was conservative, as shown in Figure 12. At this
moment, the speed direction of the corn was horizontal.
And because the small diameter end of corn was turned
together as the swinging rod, the constraint between the
small diameter end of corn and swinging rod was
simplified to hinge. To sum up, at the moment of collision,
the momentum of the system was conservative, and corn
was hinged to swinging rod [9].

m,v, L, :mza)Lf +Jw (11)

In the third stage, after collision of the corn and
swinging rod, it would be coming off the primary belt. In
the process, the system of corn and swinging rod still was
the research object. Because the critical speed was solved,
when the corn was separated from the primary belt, the
kinetic energy of corn and swinging rod was converted
into all their potential energy, and the internal energy
between swinging shaft and swinging rod. At this stage,
the external force of the system was friction F1 between
corn and the primary belt, friction F2 was between
swinging rod and swinging shaft. On the system, what F
did was positive work W1, what F2 did on system was
negative work W2. According to the law of conservation
of energy, the formula was taken:

%mz (oL, +%Ja)2 +W, =W, =m,gh, +m,gh, (12)

In order to simplify the calculation, the corn was
simplified to rod. When it was in the critical state, it was
as shown in Figure 4. By the geometric relationship, the
formula was taken:

h =L, x(1-cosa) (13)
h, =L, xsin (14)

By type (1), (2), (13) and (14), the calculated results
were L=0.2187 m, L, =0.19 m, L, =0.10935 m,

By, =0.0802 m, h, =0.0231 m.

Because W1 could make corn from the primary belt,
without considering the circumstances, the primary belt
speed could guarantee corn from the primary belt.
Because the friction force between the swinging rod and
the swinging shaft was enough small, it was neglected. In
the case of ignoring W1 and W2, the system of corn and
swinging rod was as the ideal model. By vertical type (12)
(11), the formula was taken:

= Z(mlgh1 +m2gh22)><(m2L? +J) 15)
m2L1

In CATIA, the rotational inertia of the swinging rod
were that J=0.0195 kgm? / =0.0802 m,

h,=00231 m, L =0238 m, m =045 kg and

m, =0.2387 kg. They were plugged into type (15),

taking v, =1.426 m/s.

Under the influence of ignoring the frictions between
the primary belt and corn and between swinging rod the
swinging shaft, the primary belt speed was vo,

v, =1.426 m/s. The corn could be separated from the

primary belt. So, the primary belt speed should not be less
than 1.426 m/s.

5. Conclusions

In this paper, the following conclusions are drawn
through measurement test and analysis.

1. The big diameter, small diameter, length and the mass
of corn were measured. The four parameters are the
basis for designing corn orientation device and
building entity model of corn.

2. Combined with the physical parameters of corn, A
corn orientation device was designed and
manufactured, and the function of the main
components was explained.

3. In order to be able to ensure that all of corn from the
primary belt during the transfer process, the belt speed
is not lower than 1.426 m/s.
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Abstract

In order to solve the problem of low tracking accuracy of tennis ball trajectory caused by noise processing in the past
methods based on mean shift algorithm and infrared spectrometer, a dynamic model of tennis ball moving target tracking based
on parallel computing is proposed. Based on the analysis of tennis ball movement mechanics, a tennis ball movement image
segmentation method based on image segmentation and distortion dynamic information is proposed. Based on image
segmentation, the data is denoised. According to the tracking process of parallel computing, the gravity, visual and aerodynamic
models are established to track the movement trend of tennis ball after hitting, and the strong tracking filter is used to
compensate and correct the mutation points in different directions in the process of tennis ball movement. The experimental
results show that the coordinates of the highest point of the tennis ball trajectory in the three-dimensional coordinate system
are (-200, 150, 140), which is consistent with the coordinates of the highest point of the actual motion path, and has high
robustness to external disturbances.
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1. Introduction

With the rapid development of China’s domestic tennis
ball and the world’s second-largest professional tennis ball
players, it has achieved brilliant results in the world [1].
With the development of computer software and hardware
technology, the use of computer technology to analyze
tennis ball has attracted the active participation of many
domestic scientific research workers [2, 3]. Among them,
how to track and locate the moving tennis ball target is one
of the difficulties to be solved. An improved BTV target
tracking technology is proposed in Reference [4]. In order
to track the ball, a logical operation is applied between the
created background and the image difference, and then the
candidate ball is detected by applying threshold and
magnification, which can finally lead to the ball tracking.
Player detection is performed by finding the largest spot and
filling the entire detection object by removing small spots,
and the player is tracked according to the contour.
Experimental results show that this method achieves high
accuracy in target recognition and tracking. Ball tracking
has high hit rate and low failure rate, while player tracking
hit rate is measured by multi-target tracking accuracy
(motp). A tennis target tracking method based on infrared
spectrometer is proposed in Reference [5]. The
interferogram of moving target is collected by infrared
spectrometer, the spectrum is restored, and its phase
difference is compared with the actual spectrum. The
moving target is marked by local background weighting to
track the moving target. Due to the phase difference

* Corresponding author e-mail: cuiyugang@163.com.

between the reconstructed spectrum and the actual spectrum
and the influence of external dynamic background, the
tennis moving target tracking effect is poor. Aiming at
solving the problems and shortcomings in target tracking, a
tennis target tracking dynamic model based on parallel
computing is proposed in this paper. According to the
excellent localization characteristics of parallel computing
in both time and spatial domain, the adjacent video images
are differentiated to extract the feature information
reflecting the foreground moving target, so as to overcome
the adverse factors of illumination change and the
continuous change of moving target scale at any time. At
the same time, based on the structural characteristics of the
tennis ball court, the adverse interference factors outside the
court are excluded.

2. Tennis Ball Moving Object Segmentation

Tennis ball is affected by gravity and air resistance in
flight. After the ball is released, it will encounter certain air
resistance in flight, which will increase the pressure
resistance. The vibration caused by the impact of the ball
will produce simple harmonic vibration to the air [6-8].
When the rotating sphere moves forward, the interaction
between circulation and air flow changes the streamline
distribution and forms a certain pressure difference [9].

The difference between topspin and flat shot is that there
is upward and forward pulling action when hitting the ball,
so the ball has upward rotation around itself in the first
flight. Because the ball has upward rotation trend, the air
pressure above the ball is greater than the pressure below.



80 © 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665)

Therefore, when the ball drifts in the first flight, the ball
tends to fall, so the ball falls quickly after passing the net,
and it is not easy to hit the bottom line [10-12]. Forehand
topspin is faster than flat shot in rotation speed, so under the
same conditions, the topspin is faster than flat shot in the
second flight. The pressure difference between the upper
and lower air flow of the tennis ball will also further expand,
resulting in a synchronous increase in the falling trend of
the ball[13, 14].

In the instant of hitting, a positive main hitting force p1
is applied to the ball to realize the charge of the ball, and a
vertical and positive upward movement is added to the
racket to make the racket grip the tennis ball and twist it
from the back, so that the ball can obtain an additional
upward rotation force 7. Under the action of'this 7 force, the
ball rotates around its center axis OY according to the
corresponding speed n (which is usually expressed as
several revolutions per minute) [15]. The batter looks up in
the direction of the ball. If the additional rotation force T is
greater, the rotation speed n of the ball is greater.

At the moment of hitting, a rotating force 7 is added to
the ball, that is to say, friction is applied to the ball to rub
and rotate the ball. Therefore, the time for the ball to stay on
the chord plane of the racket is much longer than the time
for flat hitting, and its contact with the racket, that is, the
impact point, is not a fixed point, but a moving line segment
[16, 17].

According to the principle of mechanics, a rotating ball
must have a moment (M). The moment is equal to the
product of the force (F) acting on the sphere and the vertical

The normal mode of
image segmentation is

distance (L) from the force to the center of the sphere. If L
= 0, the force is passing through the center of the ball, the
ball does not produce any rotation, but the ball flies the
fastest forward; If F' is constant, 1 increases, M also
increases, and the ball rotates faster; If F is constant, the
greater the forward force of F1 is, the smaller the upward
force of F2 is, and the faster the ball flies; The greater the
F2 is, the smaller the F1 is, and the faster the ball rotates
[18, 19]. It is not difficult to see from the above, the topspin
ball must be in the forward force at the same time, but also
upward force to rub the ball. The forward force gives
positive pressure to the ball and makes the ball fly forward
through the center of the ball; The upward force comes from
the friction between the racket and the ball, so that the force
line on the ball does not pass through the center of the ball
and has a vertical distance with the center of the ball,
causing the ball to rotate. In this way, the ball can not only
move forward, but also rotate to form a topspin ball [20, 21].

Combined with the motion mechanics of tennis ball, the
image segmentation process is designed, as shown in Figure
1.

As can be seen from Figure 1, the normal mode of image
segmentation is combined with the dynamic information of
segmentation distortion, which is used to segment different
sub images of tennis ball motion image. Color and texture
features are combined, and the hidden layer is processed
according to the feature fusion principle to extract color and
texture features [22]. In order to realize the target
segmentation, the image is segmented by thresholding
combined with gray and gradient information.

combined with the
dynamic information of

v

segmentation distortion

v

Global search

Get different subimages

v

Extract color and texture
features

v

The contour edges are
overaid

v

Image fusion

L

Determine the scope
of the area
Are there any
seed points?

Fill in the hole

v

Complete segmentation

End

Figure 1. Image segmentation process
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The details are as follows:

Step 1: Overlay the edge of the image contour to be
segmented;

Step 2: The region growing method is used to
superimpose the edge of the contour, and the maximum
contour method is used for fusion;

Step 3: Take the upper left corner of the image as the
starting point, and use it as the seed point of the search area
to search globally, and get the first non-zero gray value
pixel. The global search rule takes the seed point as the
starting point, and starts the search from top to bottom. After
setting the search compensation threshold, it finds the next
non-zero pixel. When it finds the region that meets the
condition, it determines whether there are seed points in the
region [23]. If there are seed points in the area, continue to
search until no more seed points appear;

Step 4: Fill in the empty target to make the target have a
complete target control;

Step 5: The whole target contour is etched to process the
edge redundant information, and the contour is inflated by
combining with morphological filtering to get the complete
segmentation image.

3. Noise Reduction Algorithm Based on Parallel
Computing

In order to track and locate the tennis ball moving target,
based on the above-mentioned segmentation method of
tennis ball trajectory image, the position of tennis ball is
obtained and used as the initial observation value to train
and predict the tennis ball moving position based on the
Haar like features of tennis ball.

Because the video scene is always affected by noise and
tennis ball non-uniform motion, it is easy to lead to its
movement often accompanied by multiple or even dozens
of pixel size jumps between adjacent two frames, as well as
the inevitable occlusion effect in the process of movement,
resulting in tennis ball moving target loss [24-26]. In order
to overcome the above adverse factors, the following
optimization is done in the process of tennis ball target
tracking.

If the current tennis ball moving target detection fails, it
indicates that the position jump of the front and back of it is
larger, or its moving target is temporarily separated from the
video image area. In view of the above situation, expand the
region of interest of tennis ball target detection, expand the
length M and width N of the region of interest
correspondingly (in the experiment, M = N = 25), and find
the target in the expanded region of interest [27, 28]. If the
tennis ball target can not be detected after the above
processing, it indicates that the tennis ball has been
occluded or separated from the video image area, then the
lost target is marked accordingly, and the noise reduction
algorithm based on parallel computing is used to detect the
tennis ball target in the next image.

The data collected under the support of data
synchronization protocol has large interference data, so it is
necessary to denoise the data. Therefore, the scale
transformation method based on parallel computing is
designed to process the interference data.

The noise area is assumed to be the (x, y) direction of

the ball, and the ball motion path is assumed to be the
xe[0,W —1],y €[0,H —1]) direction of the ball, the
background image and foreground image are denoised to

get the noise distribution area. Where W is the horizontal
displacement and H is the vertical displacement.

The dynamic error of the target image is corrected by
using 3D viewpoint switching mode, the expression formula
is:

x=Vcosfcos
y=Vsinf (1)
z=-F cos@sin Y

In Formula (1), x, y,z represents the local information

feature points of tennis ball trajectory, and 9, represents the

switching angle of tennis ball trajectory.

If the tennis ball target can not be detected in several
consecutive frames, the tracking fails. If the tennis ball
target is detected again after the short-term tennis ball target
is lost, the tennis ball target tracking training and prediction
will be carried out again as the measured value input [29].

4. Dynamic Model Construction of Tennis ball Moving
Target Tracking

Parallel computing is one of the most practical
algorithms for local optimal solution. It belongs to one of
the tracking methods based on the direction information of
motion, and can track the target of specific direction of
motion. The tracking flow based on parallel computing is
shown in Figure 2.

As can be seen from Figure 2, the target location is based
on the fact that the real distance of the target is obtained by
means of the inverse ratio of parallax and depth. After stereo
matching, the parallax map can be calculated to perform 3D
ranging operation. The internal and external parameters of
the camera are obtained by MATLAB calibration toolbox,
and then the reprojection matrix can be obtained by stereo
calibration with parallel computing algorithm.

4.1. Dynamic model of target tracking

Assuming that the radar station coordinates are east
north one day coordinate system, the aerodynamic model
and thrust model are analyzed in half speed, and the gravity
and apparent vision model and aerodynamic model are
constructed in geocentric inertial coordinate system:

v(ik)=a (k)+a,(k)+a,(k)+a, (k) 2)
In Formula (2), a, (k) and a,(k) represent thrust and
aerodynamic acceleration respectively, a; (k) represents

gravity acceleration vector, and a_ (k) represents visual
acceleration.

4.1.1. Gravity and expressive force model
Assuming that the position states of the target in the east
north one day coordinate system and the geocentric inertial

coordinate system are X, and X, respectively, and
assuming that the longitude and latitude heights of the radar
station are L, B, H , the conversion from the east north one
day coordinate system to the geocentric inertial coordinate
system is as follows:

X, =T/X, ~[0,0,R, +H]' 3)

In Formula (3), R, is the equivalent radius of the earth.
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Figure 2. Tracking process based on Parallel Computing

In Formula (3), R, is the equivalent radius of the earth.
The transformation matrix in Formula (3) is as follows:

-sin(L+6,t) cos(L+6,t) 0
T, =] -cos (L + Het)sin(B) —sin (L + Het) cos(B) cos(B) |(4)
cos (L + Het)cos(B) sin(L + (961) cos(B) sin(B)

In Formula (4), 6,t represents the angle between the

geocentric inertial coordinate system and the geocentric
coordinate system from the reference time to the time 7 (it
is generally assumed that the geocentric coordinate system
and the geocentric inertial coordinate system coincide when
the radar detects the target). Then the target acceleration in
the east north one day coordinate system is:

B B
aAZTfXA+2TEC1XA+TAIX 5)

One term in Formula (5) is the specific expression of
gravity acceleration in the east north one day coordinate
system. The acceleration conversion from the geocentric
inertial coordinate system to the east north one day
coordinate system is based on the target position. The
coordinate conversion of acceleration is obtained through
the second derivative of time. In this process, the conversion

.. . B . . . L
matrix is obtained T’ 4 1is a function of time, resulting in the

conversion of the final gravitational acceleration with two
terms.

4.1.2. Aerodynamic model
The acceleration produced by thrust is realized by acting
on the air, therefore, the thrust model can be regarded as a
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special superposed aerodynamic force, it can be expressed
as:

F(k)=%p(k)vz(k)[avab,,C[][—ad(k),a,(k),ab(k)]T (6)

In Formula (6): a ,b,,c, represents unit vector of half
speed coordinate axis, p(k) represents air density, a, (k)
is resistance acceleration, a,(k) is lateral turning

acceleration, and a,(k) is climbing acceleration. The

dynamic model in the half velocity coordinate system has
obvious physical significance in expressing the horizontal
and vertical plane motion of the target. When the lateral
turning acceleration is greater than zero, the tennis ball will
fly to the left. When the lateral turning acceleration is less
than zero, the tennis ball will fly to the right; The climbing
acceleration determines the movement mode of the target in
the longitudinal plane; When the climbing acceleration is
greater than zero, the tennis ball will fly upward. When the
climbing acceleration is less than zero, it falls down.

4.2. Filtering correction of acceleration mutation point

When there is power phase conversion, the tennis ball
will produce larger maneuvering acceleration, which will
lead to the increase of tracking error. After the initial
tracking model is adjusted to match the target motion
pattern for a period of time, the tennis ball motion is
described more stably, and the predictor is modified by gain.
The model needs to ensure the robustness of the tracking
algorithm as a whole, and its acceleration will not change
abruptly. At the same time, some measurement samples are
needed to correct the error of filtering algorithm, so the error
of maneuver jump position will increase. To solve this
problem, a strong tracking filter is introduced to compensate
and correct the maneuvering mutation point. Considering
that the power conversion is mainly used to push the tennis
ball to pull up from the low point of trajectory, the lift
acceleration a_(k) is selected as the detection parameter of
maneuver mutation. Judgment volume:

- -1
a(k-1)—-a.(k-2)

It can be seen from Formula (7) that when the difference
between adjacent accelerations reaches more than two

(a) Physical map

(b) Before filtering

(c) After filtering
Figure 3. Variation of root mean square error of segmentation

orders of magnitude, that is &(k)>2, the maneuver
mutation is considered to occur, and the strong tracking
filter is used to filter and correct the measurement at the
current time. The physical picture of the strong tracking
filter and the tennis ball track after filtering and correction
are shown in Figure 3.

5. Experiment

In order to verify the rationality of the dynamic model of
moving target tracking based on parallel computing, tennis
ball is taken as the research object to carry out the
experimental verification analysis.

5.1. Experimental preparation and segmentation result
analysis

In an 80 m? laboratory, tennis ball is used as the
experimental object to track its moving target. Set the
maximum speed of the tennis ball as 20 m/s and the
maximum angular speed as 10 °/s. install the camera above
the tennis ball and collect the image every 3 s.

Table 1 shows the number record of tennis ball track
images with 30700 filters after segmentation by using the
method in this paper, average displacement algorithm and
infrared spectrometer method under the conditions of frame
1, 200, 400 and 600.

Table 1. Record of three methods

Number Paper Ayerage Infrared
displacement spectrometer

of frames  method .
algorithm method

1 194136 165660 153840

200 122856 111004 153803

400 136238 124189 154083

600 193572 173141 154872

Using the sample data segmented by the three methods
shown in Table 1, the root mean square errors of the three
methods under different segmentation ratios are counted.
The results are shown in Figure 4.
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=
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Figure 4. Variation diagram of root mean square error of
segmentation
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As can be seen from Figure 4, under the same
segmentation ratio, the change curve of root means square
error of segmentation using the method in this paper is
always lower than that of average displacement algorithm
and infrared spectrometer method, and the curve is
relatively flat. It shows that under the same segmentation
ratio, the segmentation error of this method is smaller and
more suitable for the actual needs.

5.2. Target setting

Through the image video sequence to obtain 1000
images, the characteristics of the collected image and video
are analyzed, and the acquisition process is interfered by
external noise. According to the experimental environment,
the simulation experiment of tennis ball movement path
capture is carried out. First of all, the video sequence of a
tennis ball image in the process of throwing is collected to
obtain the original image, as shown in Figure 5.

It can be seen from Figure 5 that the camera of 10
Industries company is used to take fixed-point pictures of
the experimental objects. The camera is placed on the right
side of the tennis ball court, 5 m away from the server. The
number of the server is recorded through the camera. The
characteristics of the best hitting point of the tennis ball
server are analyzed by the trajectory of the marker points of
the player’s arm.

5.3. Experimental results and analysis

Combined with the tennis ball trajectory in Figure 5, the
motion path coordinates are analyzed in detail, as shown in
Figure 6.

It can be seen from Figure 6 that the coordinates of the
highest point of the tennis ball trajectory in the three-
dimensional coordinate system are (-200, 150, 140). Under
the support of each coordinate point of the actual motion
path, the tennis ball trajectory is tracked by using the Mean
Shift algorithm, infrared spectrometer and parallel
computing methods, as shown in Figure 7.

It can be seen from Figure 7 that the highest point
coordinate of the tennis ball trajectory based on Mean Shift
algorithm in the three-dimensional coordinate system is (-
100, 80, 160), and the tracking points are less, so the tennis
ball landing speed is faster; The highest point coordinate of
the tennis ball trajectory based on infrared spectrometer in
the three-dimensional coordinate system is (-200, 180, 110).
Using the parallel computing method, the highest point
coordinates of the tennis ball trajectory in the three-
dimensional coordinate system are (-200, 150, 140), which
are consistent with the highest point coordinates of the
actual motion path. Through the above analysis, it can be
seen that the tracking result based on the parallel computing
method is more accurate.

.

P
7

i

Figure 5. Tennis ball trajectory

-100
-200

Figure 6. Tennis ball trajectory analysis in 3D coordinated system
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Figure 7. Tennis ball trajectory tracking with different methods
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6. Conclusion

The tennis ball moving target tracking dynamic model
based on parallel computing can effectively improve the
problem of low accuracy of tracking results based on
average shift algorithm and infrared spectrometer, which is
verified by experiments. The following conclusions are
drawn:

1. The accurate prediction of tennis ball moving target
tracking trajectory needs high-precision prediction
initial value points as the premise. Filtering the tennis
ball moving target data can reduce the influence of
random error and improve the data accuracy, but it is
difficult to meet the requirements of high-precision
trajectory prediction of tennis ball moving target.
Therefore, starting from the motion characteristics of
tennis ball moving target. The dynamic equation of
tennis ball moving target is used to constrain the state
equation in real time, and the dynamic model of tennis
ball moving target tracking based on parallel computing
is established. It is modified in real time to improve the
target tracking accuracy.

2. The experimental results show that the model in this
paper has a high accuracy when tracking the coordinates
of the highest point of the trajectory of the tennis ball
moving target.

Although this method has accurate capture effect, there
are still many problems due to conditions and time
constraints, which need to be further improved and studied:
1. During the experiment, when the camera device is used

to capture the flight trajectory of the tennis ball flying
object, the camera will obtain an image. The exposure
time of the camera and the high-speed motion of flying
objects blur the image. Therefore, how to eliminate
fuzziness and improve the accuracy of positioning
results remains to be further studied.

2. It is difficult to keep the background stable when
grasping flying objects with the manipulator, so more
anti-interference algorithms are needed to extract objects
such as regional color segmentation, so as to avoid the
interference problem caused by the experimental
process.
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Abstract

In order to improve the stability of snake-like robot in unknown environment. The coordinated control method of snake like
robot gait based on electromechanical tracking is proposed. The motion angles of each joint are designed according to the
actual needs. The desired motion curve is designed based on the curve discretization. The coordinated control design of all
kinds of gait is completed by discretization. The snake is realized by electromechanical tracking combined with the control
system with TwinCAT soft PLC as the main control unit Gait coordination control of the robot. The experimental results
show that the proposed method has good control effect on the snake like robot prototype’s winding gait and plane rolling
gait, and the overall performance and control stability are good. It has certain reference value for the improvement and

perfection of snake like robot in the future.

Keywords: Snake Like Robot; Kinematics Analysis; Discretization; Gait Coordination Control.

1. Introduction

The small size and flexible movement of snake-like
robot make it competent for search and rescue work, and
search and rescue personnel can enter the place where it is
easy to collapse to search [1, 2]. In toxic environment,
pipeline detection, bridge detection, nuclear power station
radiation inspection and other occasions, snake like robots
carry cameras and detection equipment to replace people
to enter these high-risk or difficult to reach occasions, and
assist human beings to successfully complete the specified
tasks [3]. The snake-like robot has the characteristics of
high degree of freedom redundancy, unfixed base and
forward power provided by friction force with the ground
or contact force with the surrounding environment. It
brings variety of motion forms, but also brings great
difficulty to its dynamic modeling and motion control
mode.

On the research of snake-like robot, some scholars have
begun to study it gradually. Berthet-Rayne et al. focused
on the real-time remote operation and control of redundant
snake like robot for minimally invasive surgery under the
master-slave structure [3]. Based on the mapping between
DOF of master robot and redundant slave robot, six
different control methods are proposed. Through
simulation and user research, the proposed method
performs better in terms of visualization, real-time
performance and total consumption, but there is still room

for improvement in control stability; Kano et al.
proposed a decentralized control scheme for snake like
robot based on Tegotae [4], which is a Japanese concept

describing the matching degree of perception response and
expected value. In this study, a snake like robot is
developed. The experimental results show that the
proposed control scheme can generate multi-functional
gait patterns without changing any parameters, such as
scaffold based movement on irregular terrain and Concerto
movement in narrow channels, but the robustness of the
method still has room for improvement; Ryo et al. studied
the trajectory tracking problem of planar snake like robot
without lateral constraint [5]. The reference trajectory of
the head position and the orientation of the connecting rod
1 are given, and the torque control is determined to reduce
the tracking error. The performance of the controller is
tested through a large number of simulations. The
robustness of actuator failure is studied. It is assumed that
one of the actuators is damaged and the corresponding
joint becomes passive. As a more realistic situation, some
states are not easy to obtain from the sensor readings and
need to be estimated by the observer. The performance of
the closed-loop system with observer is verified by
simulation [5]. This method has good control performance,
but it has higher requirements for the collection of external
environment information.

On this basis, this paper proposes a coordinated control
method of snake like robot gait based on
electromechanical tracking. The method of curve
discretization is used to design the gait of snake like robot.
The coordinated control of snake like robot gait is realized
by electromechanical tracking combined with software
design. The effectiveness of the proposed method is
verified by experiments.

* Corresponding author e-mail: 19114023 @bjtu.edu.cn ; yblv@bjtu.edu.cn
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1.1. Gait design of snake like robot

1.1.1. Serpenoid curve and its discretization
The symbols used in this paper are shown in Table 1.
Table 1. Corresponding interpretation of symbols

Ka the number of propagation waves formed by the snake like
robot

L the overall length of the snake like robot

Sp the length of the snake and the robot along the curve

s the arc length

n the number of joints

1] the angle of positive direction turning anticlockwise to the

connecting rod direction

o the amplitude of joint angle

p the phase difference between adjacent joints

V4 the control parameter of motion direction

0] angular velocity

0 the horizontal joint function of the snake like robot
even

2] w the vertical motion joint function of the snake like robot
O

A the amplitude of the joint motion

t the joint motion frequency

K the curvature of the curve

T the torsion of the curve

[ the unit tangent vector

e, the principal normal vector

€3 the secondary normal vector

Serpenoid curve is a curve that imitates the plane
motion of snakes in nature [6]. When the snake moves, it
is equivalent to serpenoid curve and propagates in the
plane. Serpenoid curve is defined by curvature equation

[7]:

K(s) = 2K, o, si 2K,z

in( L" s,) (1)

where K, is the number of propagation waves formed by the snake
like robot; L is the overall length of the snake like robot; s, is the
length of the snake and the robot along the curve. The curvature
equation is decomposed in two directions, x and y, in rectangular
coordinate system:

x(s) = I pcos(acos(a)+ca)la
@
y(s) = .[ psin(acos(a) +ca)da

The point (x (s), y (s)) is the coordinate point along the
direction from the starting point to the arc length s. a
determines the amplitude of the curve motion, b
determines the number of periodic waveforms in the unit
length, and ¢ determines the direction of the curve.

Continuous serpentine curve

Discrete serpentine
curve

'

As shown in Figure 1, the discrete serpentine curve is
approximately simulated as a continuous serpentine curve
by discretization. Since the snake-like robot is a series of
rigid joints with fixed length, it can not move continuously
according to the serpenoid curve [8]. It is necessary to
discretize the serpentine curve by segments, and the length
of each segment is the length of a single joint of the robot.
The overall length of the snake like robot is L. If the robot
is divided into n segments according to the number of
joints, the length of each segment is L/n, that is, the length
of the joint module of the snake like robot. The length
along the robot body from the initial point of the snake like
robot to the i joint point iss; = iL/n, i = 0, 1, ..., n. The
discrete diagram of serpentine curve is shown in Figure 1.
The discrete points (x (s), ¥ (s)) on the serpentine curve
after discretization. the position of joints, can be expressed
as follows:

Figure 1. Discretization of serpentine curve

L
X, = Z—cos[a cos(ﬁ) + E]
k=1 7 n n 3)
L.
Vv, = Z— sin[a cos(@) + k_c]
k=1 n n
Mark the connecting rod between each position point as
i, and define the angle of x positive direction turning
anticlockwise to the i-th connecting rod direction as
@,,i =1,2,...n, then Equation (4) can be obtained:
' ke

i

zécos[a cos(@)+ ] b
tan g, 4= ’Z krll) P tan[s cos(l;)-!—%] )

—sin[a cos(—) +—]
k=1 n n

The angle between the connecting rod and the moving
direction can be obtained as follows:

¢, =[scos(2)+ 5 ®)
n n

When analyzing the gait of the robot and making joint control, the
angle between the extension lines of adjacent connecting rods is
applied in practice Q :

B

0. =g, -, =asin(ifp +5) +y (6)

where, 5 = 245in b represents the amplitude of joint angle,
2n

B = b represents the phase difference between adjacent joints,

2n

and y=— < represents the control parameter of motion

direction.
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When the discrete serpentine curve propagates forward
at angular velocity @ , it can be expressed as follows:
ib, ic
@, =acos(wt +—)+— %)
n n

From Equation (6) and Equation (7), it can be seen that
the value of @ affects the change speed of ¢, thus
affecting the speed of the snake like robot. By changing
the parameters a, b, ¢ in the curve, the snake-like robot can
move in different directions and at different speeds. For
the snake like robot with orthogonal joints, only odd joints
move in 2D planar meandering motion, and the initial
angle of each joint can be any value. As long as the phase
difference of adjacent odd joints is £, the winding motion
can be guaranteed:

6, =Acos(at+(i-1)p),i=13,5,..

even

6, =0,i=2,4,6,...

0

®)

where, Hmn is the horizontal joint function of the snake like
robot; 90 ad is the vertical motion joint function of the snake like
robot; 4 is the amplitude of the joint motion; # is the joint motion

frequency; [ is the adjacent joint phase.

1.1.2. Spine curve and discretization

When the snake-like robot is required to move in three
dimensions according to the desired trajectory, a three-
dimensional spine curve can be designed according to the
motion constraints of the surrounding environment and the
snake body [9, 10], and then the motion planning is carried
out by discretizing the spine curve. According to the
knowledge in differential geometry and based on
FrenetSerret frame [11], a three-dimensional spine curve
can be designed, as shown in Equation (9):

dc
- = el
ds
% =x(s)e,
‘
—2 =k(s)e, +7(s)e,
ds
dey

=-7(5)e,

where K is the curvature of the curve and 7 is the torsion of the
curve. The shape of the curve can be determined by the two. c{x
(s), ¥ (s), z (s)}are the coordinates of point s on the curve, {e,, e>,
e3} are orthogonal coordinate systems, e, represents the unit
tangent vector at point s, e, represents the principal normal vector,
e3 represents the secondary normal vector at point s.

The joint configuration of the snake like robot is a
single degree of freedom orthogonal joint, as shown in
Figure 2.

Figure 2. Orthogonal configuration of snake like robot

The Frenet-Serret frame of the spine curve of the snake
like robot is shown in Figure 3.

Figure 3. Frenet-Serret frame of spine curve

In order to plan the motion of climbing cylinder for
snake-like like robot, it is necessary to design spiral rolling
gait to complete the movement of climbing cylinder.
Because of the constraint of the cylinder, the trajectory of
the snake like robot is designed to be a cylindrical helix,
and the spine curve is designed according to the cylindrical
helix.

X =rcos@
y=rsing (10)
z=pp

After the design of the spine curve is completed, the
spine curve needs to be discretized to calculate the
corresponding joint angle. The discretization of planar arc
and cylindrical helix is shown in Figure 4.

(a). Discretization of circular arc

Figure 4. The discretization of planar arc and cylindrical helix

(b). Discretization of cylindrical helix
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The equation of joint angle generated by discretization
is as follows:
IK(s)sin(p,i =1,3,5,...
6,=1" (1n
IK(S)COS(/),i =2,4,6,...

8

The gait of planar rolling gait can be obtained as
follows:

gcos(m),i =13,5,...
0 = er (12)
= sin(at),i = 2,4,6,...
,

The gait equation of spiral rolling is as follows:
Acos(at+wi),i =1,3,5,...
P = . N 13)
Asin(at + wi),i = 2,4,6,...

2. Design of Control System for Snake Like Robot

When the snake-like robot moves in the complex
unknown space, the motion control system is required to
have good real-time performance and openness, and can
effectively avoid obstacles in the environment [12-14].
The snake like robot needs 15 motors to operate at the
same time, and the control system needs strong processing
ability. In this paper, the hybrid programming method of
C++ and PCL, combined with CAN bus technology [15,
16], realizes the effective control process of gait
coordination in the process of snake like robot movement.

2.1. Hardware design of control system

In view of the complexity of the snake-like robot’s
space attitude, a servo control system with TwinCAT
software PCL as the center and can bus as the
communication bus is constructed. The overall hardware
structure of the snake robot control system is shown in
Figure 5. It includes industrial PC, EtherCAT coupler,
CAN master station, servo driver and servo motor.

1PC

i

EnthriCAT coupler
CAN terminal

A

~ % A ‘ >

Servo driver | [ Servodriver ] [_Servo driver

Servo motorl Servo motorl0 Servo motorl6

Figure 5 .Hardware structure of snake like robot control system

(1) EtherCAT coupler

EtherCAT coupler is mainly used to convert the
transmission message from Ethernet to e-bus signal. A
station can be composed of any number of EtherCAT
terminal modules and a terminal module of a terminal
station. The main parts should be illustrated in Figure 6.

In the control system, it is mainly used to connect the
industrial PC and CAN master station, convert some
instructions of the upper computer into e-bus signals and
send them to the CAN master station, and then send them
to the lower actuator, such as servo driver, through the
CAN master station.

e
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Figure 6. EtherCAT coupler

(2) CAN terminal

El16751 of bechoff company is selected as CAN master
station. In EtherCAT network, any CANopen equipment
can be integrated through El6751. The equipment itself
CAN be used as master station or slave station. In the
control system, it mainly realizes the communication
function with CAN slave station equipment.

(3) Servo driver

The servo driver is the solowstldigital servo driver of
Emlo. The driver is based on DSP and has CANopen
interface. It can be used as a slave station in the control
network to receive and send signals, so as to control the
servo motor. At the same time, the position information on
the code disk can be directly fed back to the upper
computer. Solowestl servo driver integrates control circuit
and drive circuit. It can be programmed by composer, the
programming software of Emlo. It can also directly write
the program in the upper computer to realize complex
control algorithm [17, 18], which makes the motor control
more intelligent and digital. In this project, only three
servo drivers are used to control three servo motors
synchronously to control the motion state of a single joint.
In the motion control of snake like robot, position mode is
used for parallel control.

2.1.1. Composition of servo system

Servo system is composed of servo driver and servo
motor. The control system sends the control command to
the servo driver through CAN bus. The servo driver
receives the control command and drives the servo motor
to move. At the same time, the position pulse received
from the encoder is fed back to the control program
through CAN bus. Elmo’s digital servo driver is in the
core position of the whole servo system. It not only has a
variety of motion control modes, such as speed, position,
return to zero and so on. It can also support complex
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advanced position interpolation modes, such as PT
(Position) speed time interpolation, ECM (Electronic
Counter Measure) electronic cam, PVT (Process
Verification Test) position time velocity interpolation, etc.
At the same time, the CAN bus port of Emlo’s digital
servo driver is an important part of the whole control
network. As a slave station of CAN bus in the control

network, it can timely receive control instructions and send
feedback information.

In the servo system, the standard three closed loop
control system is adopted, including the position loop of
the outer loop, the speed loop of the middle loop and the
current loop of the innermost loop, as shown in Figure 7.

current feedback

Given position

Position regulator
for positioning |-®-| Speed regulator |-®—|

Current
regulator

v

Transmission Actual
mechanism location

electric machinery

Landbl Lamp2 Lamp3

Semi closed Full closed

loop loop
Speed feedback

Figure 7. Structure of servo three loop control system

2.2. Software of control system

Combined with the discrete snake like robot gait, the
hybrid programming method of C++ and TwinCAT soft
PLT is used to integrate the gait coordination algorithm
and operation interface in this system, so the interface
function of ADS-DLL is selected. The specific process of
quoting TcAdsDIl is divided into the following parts.

(1) Add TcAdsDII header file

Install TwinCAT in the directory “C: \ TwinCAT \
ADSApi \ TcAdsDIl \ Include” and “TcAdsDefh” in the
project file of VC++.

(2) Adding library function TcAdsDILlib in VC++
Project

Add TcAdsDILlib to linker input
dependency in property configuration.

According to the above method, add TcAdsDIl.hb, and
the specific steps of how to open ads communication port
are as follows: Firstly, define port variables and address
variables, and then open ads communication port, then
different discrete gait data types can be transmitted.

LongnErr,nPort; / / Define the port variables

AmsAddrAddr; / / Define AMS address variable

PAmsAddrpAddr = Addr; / / Define the port address
variable

nPort = ADSPortOpen(); / / Open ads communication

additional

port
nErr = ADSGetLocalAddress(pAddr); / / Get the local
port address

pAddr- > port = 805; / / point the pointer to port 805.
The user’s port number is defined according to his own
definition. The following is the data function that sends the
position data in the gait algorithm to the motor in the first
section. The function of the position data sent to other
motors is similar.

Where paddr is the address of ads device; 0x4020 is the
base address, corresponding to the M register address in
PLC; 0x00 is the offset address; 0x10 is the offset;
FLOATI1-1 is the cache address of received data.

Then, the corresponding variables of FLOATI-1are
compiled in TwinCAT software PCL to save the position

Position feedback [«@—

data sent and send to the servo driver at the same time, so
as to drive the motor to move and realize the control of the
snake like robot’s gait coordination.

2.3. Development of control program

In the upper computer, the human-computer interaction
function is mainly reflected in that it CAN switch different
movement gait coordination modes according to different
work needs and send them to the lower computer to realize
the overall movement of the snake like robot. At the same
time, the upper computer can also display the position of
each joint in different states and the angle in the overall
coordinate system. It can reflect the safety of snake-like
robot in real time. There are three main motion modes of
snake-like robot. Median mode: The initial state of the
snake-like robot is in the neutral state; Follow mode: The
head joint of the robot moves first, and then the gait of
each joint moves along the path of the head joint; The
backward mode: The snake-like robot can return according
to its forward path. In the following mode and back mode,
the actuator adopts position interpolation motion mode. In
the lower computer, various motor running instructions are
written by TwinCAT soft PCL program. In the middle
mode, the middle position of the rope and lead screw is
determined by the return value of the sensor. Under the
premise of single motor movement, different movement
gait coordination modes of the upper computer are
implemented by using the motion function block in the
soft PCL. Different modes of gait coordination control are
realized by motor motion control, and the gait algorithm
process is shown in Figure 8.
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Calculate the coordinate
position of the head joint and
initialize it

| Input gait |
parameters

| Converted gait |
space function

| Solving L |

‘Whether L meets the
requirements

Figure 8. Flow chart of gait algorithm

In this way, the coordinated control of snake-like robot
gait based on electromechanical tracking is realized, and
the gait selection under environmental conditions is
realized through the development of control program.

3. Experiment

In order to verify the effectiveness of the proposed
method, the snake-like robot is controlled by a hierarchical
control system on the experimental platform. The snake-
like robot is made to carry out winding motion and plane
rolling experiments, and the sensor data are collected to
verify the reliability of the control system.

3.1. Construction of experimental platform

The computing rod and PCB board are installed in the
head controller shell, and the camera is fixed at the front
end of the head controller. The connection mode between
the head controller and the joint is similar to that between
the joints. The rear end of the head controller and one end
of the joint has external threads. The two are connected
through the connecting ring with internal thread, and the
circumferential fixation is realized through the positioning
pin and the positioning hole. External 28V DC power
supply is required, and the power is supplied from the tail.
The last joint can filter the power supply and provide
current limiting protection, and provide matching
resistance for PPSECO communication between joints.
The snake like robot is equipped with 8 joints, each joint is
distinguished by its own index number. The snake like
robot prototype is shown in Figure 9.

L iy gt

Figure 9. Prototype of snake-like robot

Figure 10 is the experimental platform. The system is
composed of upper computer, router, DC power supply
and snake like robot. The host computer and the snake
robot establish a wireless connection, and the router
establishes the local area network. The upper computer
interface plays the role of human-computer interaction,
which can be used to establish the connection and
disconnection relationship with the snake like robot, select
the robot’s gait, and display the image observed by the
snake robot’s head in real time, display the sensor data and
draw the curve. The DC power supply supplies 28V DC
voltage to the snake like robot. According to the collected
environmental data, the robot gait is planned and designed,
and controlled by electromechanical tracking software.

Upper computer
interface

Router

DC power supply

Snake robot

Figure 10. Experimental platform of snake like robot

The three-dimensional motion capture system used in
this experiment is composed of eight infrared cameras,
which are evenly distributed around the tested joint.
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Vicon camera

Serpentine joint

Figure 11. Measurement platform of vicon 3D motion capture
system
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3.2. Winding gait

Due to the snake like robot’s sinuous motion, the whole
body plane contacts with the ground, so it is required that
the robot and the contact surface have large friction force
to provide the motion power, and the normal friction force
is greater than the tangential friction force. The surface of
cloth with higher roughness is selected for the test. The
movement process of the robot is shown in Figure 12, and
the collected joint angle position information is shown in
Figure 13.

il lil J Il

Figure 12. Serpentine robot winding motion
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Figure 13. Angle of each joint in winding movement

Experimental results show that the average forward
speed of the snake robot controlled by this method is 2.5
m/min. Based on the analysis of Figure 13, it can be seen
that there is no sliding surface between the body of the
robot and the friction force during the movement, which
leads to better movement efficiency and faster movement
speed. The results show that this method can effectively
realize the coordinated control of robot gait in winding
state.

3.3. Plane rolling gait

Take A =20, ® = 0.5 to carry out the plane rolling gait
experiment. The experimental process is the same as that
of the winding gait experiment. The motion of each joint is
shown in Figure 14. The upper computer reads the sensor
data of the joint and saves it. The angle change curve of
each joint during the movement process is shown in Figure
15. Take joint 2 as an example, the data of each sensor is
shown in Figure 16.
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Figure 16. Joint 2 sensor information
It can be seen from the figure 16 that the speed of the and assembled, and experiments are carried out to verify
snake like robot is positively correlated with the amplitude the stability and reliability of the proposed control method.
and period of the trigonometric function of each joint. The experimental results show that the robot can be
When the amplitude is 20° and the frequency is the same controlled to travel at a speed of 2.4 m/min in the plane
as that of the meandering motion, the forward speed of the rolling motion and 2.5 m/min in the snake-like motion. By
planar rolling gait is about 2.4 m/min, which is faster than monitoring the change of each joint angle, it can be found
that of the meandering motion. The reason is that the that this method can periodically control the joint rotation,
normal friction force is far greater than the tangential thus realizing the accurate and fast robot travel. In the
friction force when the snake-like robot with orthogonal future research, we can try to optimize the mechanism
joints is in planar meandering motion, and the friction design of snake like robot to improve the effect of gait
performance improves the motion effect. The results show coordination control.
that the proposed method is effective and the control effect
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Abstract

Because the robot system has the characteristics of time-varying, strong coupling, and nonlinear system, the influence of
many factors, such as load change, friction, interference and so on, is inevitable when the robot system is running in the
industrial field. Therefore, the adaptive ability of the control system is required to be better. This paper discusses the pose
description of robot and the transformation between coordinate systems. Under the condition of satisfying various
constraints, the shortest running time is used as the optimization objective function to optimize the motion trajectory of six
degrees of freedom Industrial Robot. The purpose is to minimize the running time of six degrees of freedom Industrial Robot
under the conditions of point-to-point motion or along the given trajectory, and improve the working efficiency of the robot.
The experimental results show that the trajectory tracking control method can meet the speed and acceleration constraints of
the robot in Cartesian space and joint space at the same time, realize the overall motion smoothness of six degrees of
freedom Industrial Robot, and maintain high motion efficiency.

Keywords: Six degrees of freedom; Six degrees of freedom Industrial Robot; Trajectory; Tracking control algorithm.

1. Introduction

Trajectory tracking control is a key technical module in
the design of 6-DOF Industrial Robot, which focuses on
the research of various trajectory tracking control
algorithms to meet the diverse needs of users [1, 2]. At
present, trajectory tracking control is mainly designed for
three aspects: running time, energy optimization and
stability. It is always the focus of research to find a reliable
and stable algorithm to keep the motion of six degrees of
freedom Industrial Robot smooth and stable, avoid the
sudden change of speed and acceleration, and reduce the
vibration and impact of the machine. It is also the basis
and guarantee of other trajectory tracking control
algorithms. Trajectory tracking control can be carried out
in both joint space and Cartesian space [3]. The trajectory
tracking control in joint space is easy to calculate, which
can make the trajectory of robot joint smooth and
continuous, and avoid the problem of robot singularity.
Therefore, the trajectory tracking control in joint space can
make the robot move smoothly and safely, but the
disadvantage is that it is unable to control the robot end
effector to move according to the expected trajectory.
However, the trajectory tracking control based on
Cartesian space can make the robot move according to the
expected Cartesian coordinate system, which can clearly
reflect the needs of users, and it is intuitive and clear.
However, the disadvantage is that it needs to repeatedly
carry out inverse kinematics to obtain the required joint
information and then transmit it to the robot controller.

* Corresponding author e-mail: mzh02021080@163.com.

Due to the nonlinear structure of six degrees of freedom
Industrial Robot, it is difficult to judge the joint space
variables when tracking the trajectory in Cartesian space.
Therefore, it is possible that the joint motion exceeds the
upper limit of velocity or acceleration when the end
effector satisfies the Cartesian space motion constraint [4].
To solve the above problems, this paper optimized the
structure of six degrees of freedom Industrial Robot and
used the actuator with high load capacity and speed to
reduce friction resistance. However, from the perspective
of trajectory tracking control, the current common method
used by Industrial Robots is to limit the speed and
acceleration of the end effector according to the actual
situation, so as not to cause vibration and other undesirable
phenomena of the robot joint movement because of the
excessive speed and acceleration of the end effector.

A joint space trajectory optimization algorithm which
can avoid singularity in the process of robot motion is
designed and studied by You et al. [5]. Using the
redundancy of a joint’s function during a six-degree of
freedom robot’s task, the joint limitation and singularity of
the robot are taken as constraints, and the time weighted
average (TWA) method is used to optimize the calculation.
The time optimal trajectory tracking control algorithm was
first proposed by using the position velocity phase diagram
[6]. Its central idea is to use the joint angle position on the
path as the abscissa parameter to describe the dynamic
equation of the Industrial Robot.
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The dynamic programming algorithm is introduced by
Campeau-Lecours et al. [7]. However, the trajectory
tracking control algorithm introduced before ignores the
change of driving torque when establishing the dynamic
mathematical model. Therefore, the produced trajectory
will have discontinuous joint torque and acceleration,
which will lead to bad effect. Therefore, this paper
proposes the research on motion trajectory tracking control
algorithm of six degree of freedom Industrial Robot.
Firstly, the position and pose of the robot and the
transformation between the coordinate systems are
described. Under the constraint conditions, taking the
shortest running time as the optimization objective
function, the motion trajectory of the 6-DOF Industrial
Robot was optimized, so as to improve the working
efficiency of the robot. The results show that the trajectory
tracking control method can achieve the overall motion
smoothness of six degrees of freedom Industrial Robot,
and can maintain high motion efficiency.

2. Kinematics and Dynamics Analysis of Six Degrees of
Freedom Industrial Robot

The kinematics of six degrees of freedom Industrial
Robot mainly studies the way and nature of the robot’s
motion process, neglecting the external forces. In the
kinematics of six degrees of freedom Industrial Robot, the
calculations involved are the mathematical factors
associated with the mode of motion [8]. So the kinematics
research of the six degrees of freedom Industrial Robot
includes all the time and geometric parameters related to
the motion [9]. In the field of robot dynamics, the effect
and influence of environmental dynamic factors and
human dynamic factors on robot motion are studied.

2.1. Pose description

The position and attitude of the end-effector in the base
coordinate system are described to represent the working
attitude of the 6-DOF Industrial Robot. Therefore, it is
necessary to customize the uniform standard to describe
the posture and posture in the robot space, including work
actuator and machining parts.

(1) Location description

By measuring the three-dimensional coordinate
component of a location point in the base coordinate
system, a position vector in the form of 3x1 describing
the point can be obtained [10]. The motion space of six
degrees of freedom industrial robots is very complex, so
multiple coordinate systems are established to analyze and
discuss the motion between the robot and the parts. In
order to clearly represent the coordinate system of a part or
a position point, the reference coordinate system is marked
in the left front of the position vector to be represented.
For example, P,, which indicates that the value of P, is
represented by the distance along the axis {A} .

P,=1P ey

where the elements of the vector are indicated by subscripts X ,
¥, z,and a position vector is used to describe the position of
the midpoint in space.

(2) Attitude description

In practical engineering applications, it is often
necessary not only to represent the points in space, but also
to describe the attitude of objects in space. As shown in
Figure 1, vector X, directly determines a certain point
between the operating actuators. Only when the attitude of
the actuator is known can the position of the actuator be
fully determined [11]. In order to describe the pose of an
object, a coordinate system can be fixed on the object and
its representation relative to the reference system is given.

{4}

X4

Figure 1. Pose of terminal actuator of Industrial Robot with six
degrees of freedom

In Figure 1, the known coordinate system a {B} is
fixed to the end effector of six degrees of freedom
Industrial Robot in some way. {B} relative to the
description in {A} is enough to represent the attitude of
the end of six degrees of freedom Industrial Robot. X,
Y, ", and {B} are used to represent the unit vector of the
axis direction of coordinate system {B} in coordinate
system {A} . The three unit vectors are arranged in order
into a 3x 3 matrix, which is called rotation matrix. Since
this special rotation matrix is the expression of {B}
relative to {A} , it is represented by the symbol R; .

i T T
4 _ _
Ry =[X,.Y,.Z,]= |1 1 1y 2
7, r, 7,

33

(3) Combination of position and attitude

After getting the position and attitude of the terminal
actuator of six degrees of freedom Industrial Robot. They
can be combined in what is called a pose. In the kinematics
of six degrees of freedom Industrial Robot mechanism, the
position and attitude usually change together, so the
position and attitude can be combined into a mathematical
variable, which is recorded as the pose. R;’ and Py,
are used to describe the pose of coordinate system {B} in
coordinate system {A} .

{B} = {R; ’PBAORG} 3)

Y . .. - ..
where PBORG is the position vector determining the origin of the

coordinate system {B } .

2.2. Transformation of coordinates

In the application of six degrees of freedom Industrial
Robots, it is often necessary to describe the same part in
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different operating space. So the same quantity can be
described in different space by the transformation between
coordinate systems.

(1) Translation transformation of coordinate system

A
Z, {4} Zz{B} -

-7 Py
s Oy Yy

_- X5

Y

X

Figure 2. Translation transformation

As shown in Figure 2, it is a translation of the
coordinate system. The 3D vector P, refers to the position
of P point in coordinate system {B} If the coordinate
system {A} and {B{ have the same attitude, in this case,
{B} can obtain {A4} by translation. If {A} coordinate
system is needed to describe the space point, the position
of the origin of coordinate system {B } in {A} can be
expressed by vector PB%RG .Since the two vectors have the
same attitude in the same space, we can use the offset plus
the, position of P in the coordinate system {B } to obtain

4 -

! y
P, =PB+PBORG “

(2) Rotary transformation of coordinates

As shown in Figure 3, the rotation transformation of the
coordinate system is realized by a 3x3 rotation matrix
formed by three unit vectors arranged together. If this
matrix refers to the description of {B} relative to {A} R
represented by the symbol R;* , then there is:

n
P, =R!xP, )

By Equation (5), the description F of P, point in space
relative to {B } is transformed into the description P, of
the point relative to {A} .

Zi{A4}

Zp{B}

Xu

Xp

Figure 3. Rotation transformation

(3) Complex transformation of coordinates

As can be seen from Figure 4, the composite
transformation graph is usually a transformation from one
coordinate system to another, which requires translation
and rotation. The origin of coordinate system {B} and
coordinate system {A} do not coincide, there is a vector
offset. The vector determining the origin of {B} is

represented by PB/:)RG , and the rotation of {B } relative to
{A} is described by R: . Given F,, in order to find P,,
first transform P, into an intermediate coordinate system,
which has the same attitude as {A} , and the origin
coincides with the origin of {B } . Then the origin is
translated by vector addition.

A 4 4
PA:RBXPB+PBORG ©

where P, represents the composite transformation of a vector
description from one coordinate system to another. A new concept
is derived from Equation (6):

P, =T/ xP, @)
In Equation (7), P, is a homogeneous representation

. . A .
of four-dimensional vector, and T, is a 4x4-form
homogeneous transformation matrix:

T/ = |: R; PBAORG:| @®)
000 1
Y,
Y, i
A P
P AN
X, < {B}
Zp
4} .
X4

Zy

Figure 4. Composite transformation

3. General Trajectory Tracking Control Algorithm for
Industrial Robots with Six Degrees of Freedom

In Cartesian space, it can also be done in joint space,
but the trajectory curve functions must be continuous and
smooth so that the end effector can move smoothly
without large fluctuations [12, 13]. Trajectory tracking
control in right angle space refers to the function that the
position, attitude, velocity and acceleration of the terminal
actuator are expressed as time, while that in joint space
refers to the function that the angle of the joint is
expressed as time, and it constrains its angular velocity,
angular acceleration, force and torque.

Rectangular coordinate space trajectory tracking
control in the workspace coordinate system, tracking
control results are very intuitive, can clearly observe the
end of the movement of the trajectory. However, the
cartesian space trajectory requires a large amount of
calculation, so it is necessary to ensure the accuracy of the
trajectory by fast calculation speed. In addition, it is not
guaranteed that there is no singular point, and the singular
point can not be tracked. Under certain circumstances, the
linear path in joint space is easy to realize, but the linear
path in Cartesian space is impossible to realize. In
addition, the motion between two points may cause a



100 © 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665)

mutation in the joint value of six degrees of freedom
Industrial Robot [14]. In order to solve the above
problems, six degrees of freedom Industrial Robot can be
specified to pass through the intermediate points to avoid
these singular points. Due to the problems mentioned
above, most current six degrees of freedom trajectory
tracking controllers can generate trajectory in both joint
space and right angle space. Users usually apply the joint
space tracking control method, and only apply the
cartesian coordinate space tracking control when
necessary.

3.1. Joint space trajectory tracking control

For trajectory tracking control in joint space, it is
necessary to determine the arm pose of the Industrial
Robot at the starting point and the ending point. When
interpolating joints, a series of constraints should be
satisfied. Under all constraints, different types of joint
interpolation functions can be selected to generate
different trajectories.

Now we consider the general problem that the terminal
actuator of six degrees of freedom Industrial Robot moves
from initial position to target position in a certain time.
First of all, we need to use the inverse kinematics
calculation to solve the joint position of a group of initial
and final positions [15, 16]. Therefore, a smooth function
q(t) of joint angle can be used to describe the trajectory
of the end effector. The value of ¢ (t) at time ¢ =0 is the
initial joint angle ¢, and the value of £, at the terminal
time is the terminal joint angle ¢,. Obviously, there are
many smooth functions satisfying this condition, and the
cubic spline interpolation diagram is shown in Figure 5.

A q(?)

qr

9o >
) te t

Figure 5. Cubic spline interpolation diagram

In order to ensure the smooth operation of the joint, the
trajectory function g (t) of each joint should meet at least
four constraints: two end point position constraint and two
end point velocity constraint.

The end position constraint contains the joint angles
given by the start pose value and the end pose value
respectively. The value of q(t) at time 7, =0 is equal to
the angle ¢, of the starting joint, and the value of 7, at
the terminal time is equal to the angle ¢, of the terminal
joint, i.e.:

CI(O):%

)
q(t‘,.) =4y

In order to meet the requirement of continuous joint
velocity, the joint angular velocity at the starting and
ending points can be simply set to zero:

q(O) =4,

) (10)
i(t,)=q,

A cubic polynomial can be uniquely determined by the
above four constraints:

q(t)=a0+a1t+a2t2+a3t3 (11)

3.2. Cartesian space trajectory tracking control

3.2.1. Linear trajectory tracking control

The trajectory tracking control of a straight line is to
calculate the position and attitude of the middle point
(interpolation point) on the trajectory of a straight line by
knowing the position and attitude of the first and last
points of the line, and to use the linear function of
parabolic transition, which means to add a parabolic buffer
curve segment within the neighborhood of two points
when linear interpolation is used between the positions and
attitudes of two points [17]. Because the second derivative
of the parabola is a constant, that is, the acceleration is
constant in the corresponding curve segment, the trajectory
can be smoothly transferred, and the displacement and
velocity can be continuous on the whole trajectory curve.
A function consisting of two parabolic curves and a linear
function connected smoothly is defined as a linear function
transitioning to a parabolic curve. In order to design the
trajectory curve, the same constant acceleration value is
used in the transition line of the two parabolas, but the
positive and negative values are opposite. The normalized
factor can be solved in the following way.

Let the velocity of the straight line segment on the
linear function of the parabola transition be vV and the
acceleration of the parabolic segment be a. Then the
motion time and displacement of the parabolic line
segment are:

Tb :l (12)
a
1

L, :EaT: (13)

The total displacement and time of the linear motion
are as follows:

L:\/(xz—x1)2+(y2—y1)2+(22—21)2 (14)
T:2TL+L_—2L’7 (15)
v

It is assumed that the linear segment velocity of the
linear function of parabolic transition is VvV, and the
acceleration of parabolic segment is &, rather than the
total time of a given motion. The main consideration is
that all six degrees of freedom Industrial robots have
motion speed and acceleration constraints, and different
six degrees of freedom Industrial robots have different
constraint conditions, so velocity and acceleration are
taken as input variables.
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3.2.2. Trajectory tracking control of spatial arcs

In order to control the trajectory of circular arc in
Cartesian space, it is necessary to use the coordinate
system transformation, that is, to establish a new
rectangular coordinate system on the plane where the
circular arc is located, and obtain the values of the circular
interpolation points in the new coordinate system, then to
map these values back to the old coordinate system and
find out the values of the interpolation points in the old
coordinate system, and the displacement curve of circular
interpolation also adopts linear function of parabola
transition.

Three points can uniquely determine an arc. Suppose
that the end effector of six degrees of freedom Industrial
Robot passes through the intermediate point £ from the
starting position P, to the terminal point P, , if these three
points are not collinear, there must be an arc from the
starting point F, through the middle point P, to the end
point P, . This paper introduces the solving steps of arc
trajectory tracking control.

The center F, (xo, yo,zo) of the circle and the three
points r, B (xl,yl,zl), P, (xz,yz,zz) and
P3(x3, y3,z3) are calculated to determine the unique
plane M , whose equation can be expressed as:

X=X3 V=)V, ZI7Z

M=|x—x; y-y; 7~z (16)
X=Xy Ty 572

The equation of plane 7' passing through the midpoint
of P, and P, and perpendicular to F, and P, is as
follows:

LA SR ) PR R S

The equation of plane S passing through the midpoint
of P, and P, and perpendicular to P, and P, is as
follows:

S:{x—;(xx+xl)}(x3—xl){,v-;(yﬁy:)}(yz-}’z){z‘;(%”:)}(Zz‘zz) (18)

Combined with the three plane equations M , T and
S, the elimination method can be used to solve the center
F, (xo, yo,zo) of the circle. However, attention should be
paid to the situation when the denominator is zero in the
process of elimination. Then the radius can be obtained as
follows:

I’=\/(xl—X0)2+(y1—y0)2+(zl—zo)2 (19)

Based on the above results, the interpolation points on
the arc can be obtained. The three attitude angles of each
interpolation point can be calculated respectively
according to the linear function of the parabolic transition
of displacement curves. The joint angle of each
interpolation point can be obtained by inverse kinematics
solution of the position and pose of each interpolation
point.

Trajectory tracking control in joint space and Cartesian
space are discussed. Linear Trajectory tracking control and
arc Trajectory tracking control are discussed in Cartesian
space. The trajectory tracking control algorithm of space

line and arc is the most basic and mature algorithm, which
has been widely used in the six degrees of freedom
Industrial Robots. But it is necessary to determine the
velocity function according to the specific requirements,
that is, to determine the normalized factor in the algorithm,
and the normalized factor is a linear function with a
parabolic transition.

4. Experimental Analysis
4.1. Parameter setting

In view of the fact that there is no specific dynamic
parameters of the actuator, and the amount of dynamic
calculation is huge, the error influence is more, and it is
inconvenient to observe and analyze, so the moment
constraint is not considered here, and the constraint
conditions are simplified. The former three joints are taken
as examples. In order to compare the data and prove the
optimization of the algorithm, the set parameters can be
selected according to the simulation results of trapezoidal
acceleration and deceleration trajectory tracking control.
According to the results of Cartesian trajectory tracking
control by trapezoidal acceleration and deceleration of
robot, it can be seen that the maximum velocity of the first
to the third joint is about 0.4 rad/s, 0.1 rad/s, 0.25 rad/s,
and the maximum acceleration is about 0.3 rad/s?, 0.1
rad/s? and 0.2 rad/s? respectively. The six values are used
as the constraints of the first three joints of the multi
constraint trajectory tracking control algorithm. Given that
the maximum acceleration and maximum velocity of the
end effector in Cartesian coordinate system are
V. ..=025m/s, 4,025 m/s” , and the error factor is
g,=0.0025 m, g =0.01 m/s . The starting and ending
conditions of trajectory are F, = (0.5963, -0.1500, -
0.0144) and B = (0.3963, 0.3500, -0.0144), and the
velocities of both start and end points are zero, and the
interpolation period of trajectory tracking control is 0.1 s.
The complete parameters are shown in Table 1.

Table 1 Simulation parameters table

Parameter name Parameter value

Initial position (0.5963, -0.1500, -0.0144)
Terminal position  (0.3963, 0.3500, -0.0144)
Initial joint
velocity

q,(4,)=0,i=12,..,6
g,(t,)=0,i=12,..,6

End joint velocity

End effector speed
and acceleration
constraints

Vi =025m/s, A, =025m/s

Gex = (0.4 rad/5,0.11ad /s,0.25 rad /s
Joint velocity and
acceleration
constraints

G = (0.3 1ad/s,0.11ad /5,0.2 rad /s)
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Figure 6 to Figure 8 are the curves of the first three
joint angles of six degrees of freedom Industrial Robot. It
can be seen from Figure 6 that the changes of the angles of
the three joints are smooth and continuous during the
whole movement period, and there is no sudden change.
This is because the upper limit of joint velocity and
acceleration is restricted in the trajectory tracking control
algorithm. As shown in Figure 7 and Figure 8 are the
curves of joint velocity and acceleration in the process of
trajectory tracking control. It can be seen from the curve
that the velocity and acceleration of the three joints are
within the upper limit of the constraint from beginning to
end, and the velocities and accelerations of these three
joints are very close to their upper limits in some different
periods of time, which is due to the nonlinear structure of
six degrees of freedom Industrial Robot. The reason is that
the time of acceleration or deceleration of each joint is
different. Compared with the trapezoidal acceleration and

deceleration algorithm with the same joint velocity and
acceleration constraints, the Simulation results show that
the 6-DOF Industrial Robot has shorter movement time.

In order to further verify the effectiveness of the
trajectory tracking control algorithm for six degrees of
freedom Industrial Robot, a simulation example is added
to analyze and verify the algorithm. The initial position
was taken as F, = (0.5963, -0.1500, -0.0144), and the end
position was taken as FP,= (4.7556, 0.6000, -2.5728).
Except for the joint constraints, other parameters are
consistent with the above simulation examples. Firstly, the
trapezoidal acceleration and deceleration algorithm is used
to track the trajectory of six degrees of freedom Industrial
Robot in Cartesian space from F, to F,, and the whole
motion process is still maintained for 60 seconds. Figure 9,
Figure 10 and Figure 11 show the angles, angular
velocities and angular acceleration curves of joint 1, joint 2
and joint 3 respectively.
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As can be seen from Figures 9-11, the maximum
angular velocity and acceleration of joint 1 are about 0.27
rad/s and 0.19 rad/s?, respectively. The angular velocity
increases with time and then tends to be stable, and the
acceleration reaches the maximum value at 18 s. Joint 2
was about 0.18 rad/s and 0.2 rad/s2, both of which
decreased first and then increased. The joint angular
velocity reached the maximum value of 0.28 rad/s at 18 s,
and the acceleration dropped to the maximum value of
0.24 rad/s? at 42 s.

Compared with Cartesian space trajectory tracking
control algorithm without joint velocity and acceleration
constraints, this trajectory tracking control algorithm has
the advantage of smooth and safe motion. Because the
motor load capacity is limited, its speed, driving torque has
an upper limit value, too high load may make the motor
vibration or even damage the motor. The joint of six
degrees of freedom Industrial Robot is driven directly or
indirectly by motor, so the motion of joint is limited by
motor. At the same time, this algorithm can make the six
degrees of freedom Industrial Robots optimize the motion
time as much as possible within the range of satisfying
constraints, instead of sacrificing efficiency. Its multi-
constraint characteristics are also limited, and the motion
of six degrees of freedom Industrial Robots is always
limited within these constraints. This trajectory tracking
control method can be used in the situation that the six
degrees of freedom Industrial Robot is required to work
smoothly and at the same time has certain requirements for
the motion speed of the robot.

5. Conclusion and Prospect
5.1. Conclusion

Point-to-point control only needs to control the
accuracy and time of the starting point and the ending
point, so most Industrial Robots can realize point-to-point
control, such as spot welding, handling and assembling
robots. Continuous trajectory control requires not only the
accuracy and time of the start and end points, but also the

time and position of each trajectory point, such as spraying
and arc welding robot. However, most six degrees of
freedom Industrial Robots are limited by their structure
and control program, and can only follow a simple
continuous trajectory. Their flexibility and intelligence are
still deficient, and their trajectories are not smooth enough.

In the actual production of six degrees of freedom
Industrial Robot, people pay more attention to its
efficiency and precision. This paper studies the kinematics
and dynamics of Industrial Robots. The description of
robot pose, the transformation between coordinate systems
and the linkage mechanism are discussed. Several
trajectory tracking control methods are analyzed and
discussed in view of the different working environment
and smoothness of six degrees of freedom Industrial
Robots. The experimental results show that the trajectory
tracking control method can satisfy the requirements of
velocity and acceleration constraints in Cartesian space
and joint space, and achieve the smoothness of the whole
robot, and maintain a high efficiency.

5.2. Prospects

In this paper, the kinematics and dynamics analysis and
trajectory tracking control of six degrees of freedom
Industrial Robot are carried out in an ideal environment,
without considering the influence of the external
environment and the friction, stiffness and other dynamic
factors of six degrees of freedom Industrial Robot. And
only in theory and program analysis and Simulation of
robot trajectory tracking control, not in the actual robot
verification, so the experimental verification can be used
as a further research content.
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Abstract

All joints of the non-driving robot have driving devices, but they can not be controlled effectively, which increases the
difficulty of the robot control. In order to solve this problem, a multi joint integrated control system for non- actuated robot is
designed in this paper. The research object is a two-degree of freedom non-actuated robot. After designing the basic structure
of the robot, the dynamic characteristics of the robot are analyzed, and the integrated control system is designed from two
aspects of current and position. The experimental results show that the design method can realize the accurate motion control

of multi- joints of non-driven robot, which provides a reference for practical application.
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1. Introduction

Because the joint of ordinary robot is controlled and
driven separately, the activity is relatively simple, while
the actual control input of non-driven robot is less than the
motion freedom of the robot, the underactuated part is
generally set at the end of the robot. Compared with the
conventional series robot, it has many advantages, such as
light weight, small inertia, simple structure design and low
system cost [1-3]. At the same time, the end joint of the
non driven robot is driven by the cooperative action of
multiple joints, so the fault tolerance rate of the non-driven
robot is relatively high [4]. The robot with the number of
independent control inputs less than the actual motion
degree of freedom has good flexibility and light weight,
and can be applied to some extreme environments.
Therefore, the non-driven robot has always been one of the
important fields of robot research. Wang et al. studied the
multi arm concentric tube robot. The concentric tube robot
has the advantages of small volume and strong shape
control ability, which improves the shortcomings of most
single arm robots. A four-degree of freedom vision arm
and two six-degree of freedom mechanical arms are
designed, and the end effector of CTR system is
configured at the end to enable the robot to realize surgical
operation, however, the positioning and tracking effect of
control is general [5]. Wang et al. mainly studied the timed
formation control of multi robot systems with time-delay
constraints. Through the state transformation of the
predictor to deal with the input delay caused by the
network connection, a nonlinear fixed time formation
protocol is proposed, and the corresponding stability time
is calculated by Lyapunov function to realize the effective

* Corresponding author e-mail: zhqian020@126.com.

control of the robot, but the balance control effect of the
driving arm is general [6]. Liu et al. studied the multi-
objective control system based on DOB. The stability of
the characteristic equation with uncertain time delay is
analyzed by using the zero exclusion criterion, and the
anti-interference performance and robustness of the system
are studied. In the presence of uncertain time delay and
disturbance, effective control is realized, but the response
effect of the control system is poor [7]. Based on the above
research, the design method proposed in this paper solves
the problem of difficult motion control of non drive
system. The control effect of the designed control system
is studied, which provides a preliminary reference for the
multi joint control of non driven robot.

2. Model Construction of 2-DOF Non Driven Robot

In the non driving robot system, the joints without
driving ability can only be controlled by the driving joints,
so the position control method is much more difficult than
the general full driving system. In this paper, a multi joint
robot is designed, which has one driving joint and one
non-driving joint. The structure is relatively simple and
has the basic characteristics of underactuated system. It is
an ideal research object for us to study the multi joint
integrated control problem of non driven robot.

2.1. Performance index of robot system

The planar 2-DOF robot has two parallel rotating
joints, and the second joint is a non driving joint. Its main
parameters and performance indicators are shown in Table
1.
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Table 1 Main parameters and performance indexes of robot

DD motor drive

Freedom 2
+ encoder
L Encoder +
Structural form Planar joint type brake
Base size (support 1500 mm x 1500 mm Unllmlted
foot) rotation

Height 1350 mm
The angle with the

Torque control

PC computer +

Motion plane horizontal plane is 60 .
motor driver
degrees
Arm length
(wheelbase of two 340 mm
joints)

2.2. Mechanical structure design of robot

The structure of the first degree of freedom is shown in
Figure 1.

DD motor

Robot arm

Grabbar

Chassis

second ioint One wa
econd jon| Stop pm

Rod holder

non-kicking Pedestal

foot ~
—

Figure 1. Structure of robot

Base and support foot: The base is the coordinate
reference of robot motion, so it is necessary to keep the
stability and balance of the base under the high-speed
motion of robot arm. Since the reaction force of the arm to
the base is quite large during the high-speed swing, a
heavy block is added to the base to increase the stability
(as shown in Figure 1). Meanwhile, the deployable support
foot is designed to increase the support area and prevent
the robot from overturning.

The first joint: driven by a DD motor. In our research,
the control method is to give the driving torque directly to
control the robot torque. In order to improve the control
accuracy and reaction speed, the direct drive motor is used.
The actual maximum output torque of the motor is 110
nm, which is limited to 100 nm in our experiment.

The second joint is a non-driving joint. In this joint, an
encoder is used to measure the joint motion angle, and a
brake device is used to provide the braking force after the
action. A one-way stop pin is set on the joint of the robot
to block the excessive clockwise rotation angle of the grab
rod.

2.3. Kinematics equation of robot

The x—Yy coordinate is established with the motion
plane of robot arm as the coordinate plane, and the axis of

the first joint is used as the coordinate origin. &, and 6,
are defined as the motion angles of the first joint and the
second joint. Then the forward kinematics solution of the
grab bar is as follows:

{x =1, cosd, +1,cos(8, +6,)

1
y=1,siné +1,sin(6, +6,) @

I, and |, are the length of two connecting rods, |, is
the distance from the axis of the first joint to the axis of the
second joint, and the measured value is 0.34 M; |, is the
distance from the axis of the second joint to the target
point [8].

The inverse kinematics solution is as follows:

6, = arctan(1L 12 €08 6,)y ~1,XSin 6,
l,ysind, +(l, +1, cos&,)x

x2+y2—I12—I22)

6, =arccos( oAl
172

According to the different arm shape, there are multiple
solutions, that is, there are positive and negative solutions
when solving 6, in the above equation.

2.4. Bottom control structure of robot

Since only one drive joint needs motor control, the
underlying control hardware of the robot is relatively
simple. However, since the grab bar action is a high-speed
motion, the whole process only takes about 0.8 seconds,
and there are complex torque changes in this process, so
the requirements for the performance of the underlying
hardware are also very high [9-12].

The hardware structure of the control system is shown
in Figure 2.

PC computer

D/IA s i DD Motor
Converter ervo driver <—| Motor
Encoder
Pulse
counter

1/0 Interface

A

counter
N Brake
Relay | controller

Figure 2 Robot control hardware

The control computer is nec pc-9801 microcomputer
with DOS 6.0 operating system. The D / a converter
converts the calculated control torque into analog quantity
and outputs it to the motor driver to drive the motor to
move. At the same time, a pulse counter is used to receive
the signal of motor code disk. Due to the high precision of
code disk of DD motor (319 488 pulses per revolution) and
high frequency of code disk signal under high speed
operation, gpg45 high-speed pulse counter is used, and the
counting frequency can reach 1.8 mhz. For the non driven
joint, an encoder is used to feedback the angle of the joint,
and the brake is used for braking. The encoder signal is
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read through the 1/O interface of the computer after
counting, and the brake is controlled by the computer
through the relay. The reaction time of braking is 50 ms
for braking, 20 ms for releasing braking, and the braking
torque is 25 nm.

The sampling period of the whole control is 1
millisecond, and the timing interrupt is provided by 8 253
chip. In the bottom control, the current loop (torque) is
controlled by the motor driver, and the speed loop and
position loop are controlled by the computer in software
mode, that is, the PID controller of software servo [13-16].
Since the non-driving joint has no control torque, the PID
controller has two inputs and one output, that is to adjust
the two joints at the same time. In fact, it is equivalent to
the superposition of the output of the two PID controllers.
The effect is Equation (3):

U=K, A0 +K, [AG+K A6 +K,00,+K,, 146, +K A6, 3)

The coefficients are adjusted according to the
experimental results. As explained in the introduction of
the first chapter, such PID feedback controller can not
guarantee the uniform convergence of the error. In fact, in
the process of motion, the effect of the two joint errors on
the controller will cancel each other. However, it can keep
the balance between the errors of two joints, prevent one-
sided increase of the error of one joint, and can effectively
reduce the error when the effect of two joint errors is the
same.

The control structure of the whole system is shown in
Figure 3, in which the track generation part is calculated
off-line, and the calculated track data is transmitted to the
lower computer for the bottom control as a file. The lower
computer controls the robot to complete the action. The
dynamic feedforward + PID feedback control is used in the
control. The feedforward control signal is the torque track
calculated off-line. The PID controller is realized by the
software of the lower computer. The motion track
calculated offline is used as the reference signal of PID
regulation.

0+
om0 0 DDNotor
generation Y controller Catr
91
92
Coder
Brake

Figure 3. Overall control structure of robot
3. Design of Robot Integrated Control System

Based on the analysis of robot dynamics, the robot
integrated control system is designed from two aspects:
current controller and position controller. Differential
feedforward and fuzzy control are introduced to improve
the response effect of system position.

3.1. Design of current controller

The current controller consists of four parts: current
feedback, PI controller, three-phase inverter and motor
stator armature circuit. Its main function is to improve the
rapidity of the system and suppress the internal
interference of the current loop [17]. According to the
overall block diagram of the system introduced in Section
2.3, the current loop consists of two non-interference
loops, torque current iq and excitation current i, . In this
paper, the control methods of the two loops are identical,
so the design of torque current iq loop is only introduced.

The current loop control loop is shown in Figure 4.
H(s), Gp(s), G,(S) and G,(S) represent the
transfer functions of current feedback, PI controller, three-
phase inverter and motor stator armature circuit
respectively.

Figure 4. Current loop control loop

The current feedback link can be divided into three
parts: detection, filtering and sampling. The detection part
can be regarded as a proportion link. The filter is a
hardware implemented RC filter, which can be regarded as
a first-order inertial link, and its transfer function is

1 1
GRC (S) = =
RCs+1 1zg.s+1
is the time constant of RC filter circuit. The sampling part
is realized by ad module in the controller, and its transfer
1

. Among them, 7, =RC

function is G, (s) = . Therefore, the transfer
TppS+

function of the current feedback link can be expressed as
follows:

H (5) = K,Gge ()G ()G, (S) = -

(TapS+D(7rcS+1)

Because 7,5 and 7. are relatively small, they can be
replaced by a first-order inertial link with a time constant
T4 - Equation (4) can be simplified as follows:

K
H(s)~ —
(®) T4S+1 ®)

Among them, 7, =7,,+7z and K, are the
magnification of the detection link.

The three-phase inverter can be regarded as an
amplifier, which can amplify the output signal of the front
current Pl controller to the voltage signal of the direct
control motor. However, due to the output delay of
SVPWAM algorithm, the delay is at least half of the PWM
switching cycle. Therefore, the transfer function of the
three-phase inverter can also be regarded as a first-order
inertial link. The transfer function can be expressed as
follows:
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K
G.(s)=—2—
NO) sl (6)

Among them, T oum is half of PWM switching period
and K, is voltage amplification factor of three-phase
inverter.

The stator armature of the motor has stator resistance
R, and stator inductance L, , which can be regarded as
the first-order inertial link. The transfer function is as
follows:

1

G (s)=— ~
"= R st ")

where 7, = i is the time constant of stator armature
R,
inductance.

The transfer function of PI controller can be expressed
as follows:
K, K,(zs+1)

G,(s)=K, +?' (8)

.S
Kp and Ki are the proportional constant and integral constant of
P1 controller respectively.

Figure 4 open loop transfer function of current loop can
be expressed as follows:
K, KK, (7,s+1
Gi (S) — p Ml 2( i ) (9)
R.7iS(7S +D)(7 S +D(7,5+1)

pwm

Since the inductance time constant 7, is generally
much larger than the current feedback link time constant
7y, and PWM switching period 7., the zero point and
large time constant pole cancellation of the current
regulator are selected:

L,
T. =7 =—+ 10
i L Rm ( )
Therefore, Equation (9) can be simplified as follows:
K
G, (s)=
&= 1) (7 s +1) D
K_K,K
Among K =—2 12
L,
The time constant 7, and switching period 7, of

the current feedback link are relatively small, so an inertial
link can be used to replace the two inertial links,
T=Tpm + Ty, - EQuation (11) is further simplified:

Gi(s):L

s(rs+1) (12)

The closed-loop transfer function of the current
controller is a typical second-order system:

_G() . Kz
Gi(s)= 1+G,(s) s*+s/t+K/r

(13)

By comparing the standard form of closed-loop transfer
function of current controller, the damping coefficient £
and undamped natural frequency @, can be obtained:

\/?
@, =, |—
T

1 1/1
= 2m 2\Kr

According to the characteristics of the second-order
system, the damping coefficient is inversely proportional
to the overshoot. When the damping coefficient is large,
the overshoot of the system is small, but the response
speed is slow; The smaller the damping coefficient, the
greater the overshoot, but the faster the response speed.
Therefore, it is necessary to select the damping coefficient
¢ of the system reasonably. From the engineering test,
¢ =0.707 is the, optimal index of the second-order
system, so K = can be obtained. The proportional
constant K, andintegral constant K; of PI controller are
obtained:

(14)

K b

P 2rKK,
(15)

K =—Pn__

27K K,

3.2. Design of position controller

People are most concerned about whether the robot arm
can quickly and accurately move to the preset position.
Therefore, in the design of the control algorithm of the
joint servo driver, the design of the position controller is
the most important. The control parameters of traditional
PID controller have been fixed, which can only have the
best control effect for one or several working conditions,
and can not respond to the external real-time changes.
Therefore, this paper introduces the fuzzy PID control
algorithm in the design of position controller. In the design
of position control algorithm, the most taboo is that the
position control appears overshoot and static error. On the
basis of fuzzy PID control algorithm, the differential feed-
forward link is added to eliminate the overshoot of the
control system.

3.2.1. Controller design based on Fuzzy PID algorithm
Fuzzy control theory is a kind of control theory based
on language rules and fuzzy reasoning based on fuzzy set
theory in modern control theory. Its mathematical basis is
fuzzy set theory, which belongs to an important branch of
intelligent control. The structure of fuzzy PID controller is
shown in Figure 5. The fuzzy controller with two inputs
and three outputs is adopted. The input is the error
between the position feedback signal and the given
quantity and the error change rate. The output is the three
parameters AK, AK; and AK of PID controller.



© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665)

109

N Fuzzy
Inference
k, k; Ky
+ A A 4
. e P
2 > »  Object >
- L N e PID Regulator
0 >
Figure 5 Schematic diagram of fuzzy PID
Firstly, the input signals E and EC, the output signals
AK,, AK;, AK, are transformed into fuzzy variables F,()
for input into fuzzy inference engine for processing. The
input signal and output signal are divided into seven levels, R i + o
i iti i +
corresponding to seven fuzzy subsets {positive big (PB), 6,9 _,®_, 6 o G,

positive middle (PM), positive small (PS), zero (Zo),
negative small (NS), negative medium (nm), negative
large (NB)}. The fuzzy universe covering the input signal
and the output signal is set as {-6, -5, -4, -3, -2, -1, 0, 1, 2,
3, 4, 5, 6}, and the input and output signals obey the
triangular membership function.

Secondly, since the position servo system is not
allowed to be out of calibration and overshoot, special
attention should be paid to the adjustment of integral
coefficient K; in the process of adjustment. When the
system error is large, the larger Kp and the smaller K,
and K, should be selected to make the system response
have better fast tracking performance and avoid integral
saturation and large overshoot. When the system error is
small, in order to make the system have good steady-state
performance, K; should be appropriately increased, but
attention should be paid not to make the system overshoot.

Finally, the output of fuzzy reasoning is defuzzified,
and the method of maximum membership degree is usually
used, that is to select the domain element with the largest
membership degree in the output fuzzy set as the judgment
result. Finally, the calculation equation of three PID
parameters is as follows:

K, =K, +AK, (16)
K; =Ky, +AK, (@
Ky = Kyo +AK, (18)

where, is the initial value of PID, is the output of fuzzy controller.

3.2.2. Design of differential feedforward controller

The position loop control system is composed of
position controller, speed closed loop and permanent
magnet synchronous motor. Since the cut-off frequency of
the position loop is far less than the reciprocal of each time
constant of the speed loop, the speed loop is approximately

vV
Ts+1’
synchronous motor is

. . . . k
approximately equivalent to the integral link G, () =—".
S

equivalent to the first-order inertial link G, (S) =

and the permanent magnet

The feed-forward control structure diagram of the position
loop is shown in Figure 6.

Figure 6. Structure diagram of position loop feedforward control

The closed-loop transfer function of the system is
obtained from the structure diagram of position loop
feedforward control:

C(s) _[Fu(5)+Gy() |G,(5)Gy (s)

R(S)  1+G,(5)G,(5)G, (s) o
From Equation (19), it can be concluded that:
E(s) 1 _s(T,s+1) 20)

TG,(9G,(5) Kk,

The transient error and steady-state error of the system
are both zero. Since the accuracy of the servo system
depends on the low frequency part of the system, the high-
order part in the equation can be ignored and simplified as
follows:

F,(s)=—

k.k

vim

1

In other words, the feedforward of the position loop is
the differential of the given position, and the speed can be
predicted according to the given position, and the
predicted value can be compensated to the given speed so
as to realize the early response.

4. Experimental Part

Matlab/Simulink is used for simulation experiment.
The experimental system is windows 10, equipped with
Core i7 processor and 8 g memory, which can meet the
experimental requirements. Assuming that the initial angle
of the non driving arm is 020:0.8frad] and the initial
angular velocity is 6,,=0[rad /], the expected points to
be achieved by the control are: angle 6,,=0.5[rad],
angular velocity 6,,=0[rad /s].
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4.1. Balance control test of drive arm

The initial angular velocity of the active arm and
underactuated arm is 0, the maximum simulation step size
is 1 ms, and the simulation time is 5 s. Test the free swing
angle value of the active arm and underactuated arm near
the vertical downward stable equilibrium position, as
shown in Figure 7.
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Figure 7. Free swing range of active arm and underactuated arm

By changing the position input parameters, balance
control is carried out near the vertical unstable equilibrium
position, and the balance control of the first joint and the
second joint is tested. The experimental results are shown
in Figure 8.
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Figure 8. Angle value (LQR)

It can be seen from Figure 8 that the angle & of the
active arm (the first joint) approaches n/2, and the angle
6, of the underactuated arm (the second joint) approaches
to 0, which proves that the design method can be used for
balance control.

4.2. Given position tracking test

A sine wave with an amplitude of 20° and a frequency
of 1 Hz is given. The response of the control method in
Reference [5] and Reference [6] and the control method
designed in this paper are compared respectively, as shown
in Figure 9.
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Figure 9 Experimental results of given position tracking

From the observation of Figure 9, it can be seen that
when the position is given as a real-time sine wave, the
proposed method can track the given position well and has
good dynamic response performance. However, the
method in the literature has poor performance in tracking
the given position with real-time changes. Therefore, the
proposed method has good practical performance.

5. Conclusions

In order to solve the problem that the non-actuated
joints can not be well controlled in the non-actuated robot
system, a multi-joint integrated control system of the non-
actuated robot is designed in this paper. Differential
feedforward and fuzzy control are introduced to improve
the response effect of the system position. Experiments
show that the system designed in this paper can track the
given position well. Additionally, the experiments also
show that the effect of balance control is good, and good
results are obtained. The system designed in this paper can
solve some problems existing in the motion control of non-
driving system. Such system has good applicability to the
comprehensive control of non-driving multi joints, which
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realizes accurate motion control of non-driving robot multi
joints, and can also provide a scientific basis for non-
driving robot to participate in more work.
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Abstract

Thermal load plays a great role in brake disc failure, which seriously threatens the safety of train running. In this paper,
the thermal elastic-plastic constitutive relation of the brake disc is obtained by experimental test, and the stress-strain
response relationship of brake disc under different braking conditions is simulated by using the numerical calculation based
on sequential coupling method. The temperature field and stress field are calculated under once 200 km/h emergency braking,
once 300 km/h emergency braking, once 29 kN constant pressure braking and three times of 29 kN successive constant
pressure braking. The results show that the worse the braking condition, the greater the temperature field and stress field. The
temperature field decreases along the thickness direction; increases first and then decreases along the radial direction. During
the braking process, the circumferential stress is the principal stress on the disc surface and the different residual tensile stress
is formed after four braking conditions. The speed value has the greatest influence on the temperature field and stress field.
These findings provide a reference for the thermal fatigue life evaluation of the high-speed train brake disc.
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1. Introduction

The thermal fatigue crack on the surface of the brake
disc is closely related to the stress state in service, the
structure and material [1-6]. The domestic and
international researchers have conducted in-depth research
on temperature field and stress field [7-13]. Yevtushenko
and Greza, Anderson and Knapp found that thermal stress
caused by high temperature can lead to disc surface crack
or permanent deformation of brake disc [14, 15]. The
friction, thermal deformation and elastic contact between
brake disc and brake pad will also influence the change of
contact pressure and surface temperature. Belhocine and
Bouchetara simulated the coupling behavior between
temperature field and stress field of automobile brake disc
by thermal structure sequential coupling method [16]. It
was found that stress concentration was easy to arise at the
joint of brake disc and wheel, and cracks may occur after
multiple braking. Ghadimi et al. found that the heat
generated during friction between brake disc and brake pad
has a lot of adverse effects on the brake system, such as
braking performance, premature wear, thermal crack and
brake disc thickness change [17]. Choj and Lee, Su et al.,
Gao et al. used the finite element method to analyze the
thermo elastic contact between the brake disc and the
brake pad [18-20]. Based on the theory of coupled heat
conduction and elastic equation, the thermal stress under
successive braking is calculated, and the influence of
thermoelastic instability (TEI) on thermoelastic behavior is
studied. Kim et al. established a three-dimensional
ventilation brake disc model, and analyzed the distribution

* Corresponding author e-mail: lixysrq@163.com.

law of thermal stress of brake disc under two different
conditions of uniform contact pressure and non-uniform
contact pressure [21]. Adamowicz and Grzes, Li et al., Zhu
et al., Chai et al. established two-dimensional and three-
dimensional brake disc models [22-25]. By comparing the
temperature field distribution of the two models under the
action of non axisymmetric load, it is found that the
temperature field calculation results based on the three-
dimensional brake disc model are lower than those of the
two-dimensional brake disc model, thus affecting the
thermal stress field distribution of the brake disc. These
results provide a theoretical basis for the development and
design of brake disc [26-30]. In this paper, the elastic-
plastic finite element method is used to analyze the
temperature field and stress field distribution of brake disc
under different braking conditions, so as to achieve a better
heat and stress distribution on the surface [31].

2. Theoretical Analysis

When the expansion or contraction caused by the
temperature change of the object is constrained, thermal
stress will be generated inside the structure, and the

thermal stress is o X(Tr - TO) Where o is the thermal

expansion coefficient of the material, which changes with
the change of temperature and material. 7. is the

T
temperature corresponding to the time 7, which 7| is
room temperature [32-35].
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When the stress function of material yield is set to / ,

the yield function is satisfied by /=0 Then the forged
steel material meets Mises yield condition:

f=J,-K*=0 (1)
where, K is the yield stress under shear condition; J,

is the second invariant of stress deviator.

Based on the theory of thermodynamics, thermal stress
is mainly caused by temperature gradient. It is assumed
that ¢=1¢(r), for isotropic materials, the strain

components in polar coordinates in the elastic range are:

1
£, :E[O', —u(o,+o,)]+at

1
&y = E[O'g —u(o, +o,)]+at

1 2)
£, =E[0'Z —u(o,+0,)]+at

1 2(1+
7zr:_z-zr: ( lu)z-zr

G E
Eg=Epy=E=0al,7.,,=0
The second invariant of stress deviation J, is:
7, =é[(ge—a:j] +(c.-a,)’

P e
+I:CT.-_J&J‘+6[,re:+r:‘.r+{.:ej—‘ 3)

1 2 2 274
=g[('51 —0y) +(oy—0y) +(o3 —0y) J

According to Formula (1), the plastic yield condition of
forged steel material uses Mises criterion [36].
Considering the influence of strain during plastic

deformation, the yield function can be expressed as:
f = f (O',.,O'S,O':_,TS:_,T__,,_,T,,Q,E;D,

&l.ef AL, 288 )=0

r?
If the influence of temperature 7 is considered, the
corrected yield function is:

f:f(o'r’o'g,...,grp’gg’...’T):O )

During the running of the brake disc, the mechanical
stresses such as the brake pad pressure and friction force

“4)

between the brake pad and the brake disc interact with the
thermal stress during the braking process [37-40]. Hence,
when mechanical stress and thermal stress work together,
the relationship between stress and strain is:

[K1{6} = {R}; +{R} (6)
where [K ] represents the total stiffness matrix; {R}

represents the mechanical stress; {R}T represents the

thermal stress; {5 } represents the node displacement.

It can be seen that the total structural deformation
caused by mechanical stress and thermal stress can be
obtained according to the superposition principle.

3. Modeling for Calculation
3.1. Finite element model

The braking process of high-speed train is the process
of converting kinetic energy into heat energy. Relevant
studies have shown that only about 20% of the heat
generated by friction between the brake disc and the brake
pad is consumed on the contact surface, and about 80% of
the energy is transferred to the sub-surface material of the
brake disc [41-44]. Therefore, the temperature field of the
brake disc is not only unstable, but also the volume heat
generated by the interface layer. The finite element grid
and related parameters of the brake disc are shown in
Figure 1 and Table 1.

Table 1. Related dimensions of brake disc and pad

Outer Inside . Coverage
Category diameter/mm diameter/mm Thickness/mm angle/°
Bdri? 36.0 223 53.3 64.5
355 23.7 20.0 100
pad

When dividing the three-dimensional finite element
mesh, the friction surface part of the brake disc adopts a
hexahedral mesh, the heat dissipation rib uses a tetrahedral
mesh, and the brake pad adopts a hexahedral mesh. The
divided finite element mesh has a total of 66948 elements.
There are 15516 hexahedral meshes and 51432 tetrahedral
meshes.

Figure 1. The geometric model and finite element model of brake disc and pad
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3.2. Material parameters

The material is subjected to monotonic tensile tests at
room temperature and high temperature, and the strain
amplitude control method is adopted in the test and test
temperatures are as follows: 25 °C, 100 °C, 200 °C, 300
°C, 400 °C and 500 °C. The stress-strain curve of
monotonic tension is shown in Figure 2, which the test
values are the average of three valid tests.
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Figure 2. Monotonic tensile curve of 0 — &

Table 2 shows the material parameters at different
temperatures. Considering that Poisson’s ratio and density
are not affected by temperature, they are regarded as
constants. The yield strength, elastic modulus and thermal
conductivity of the material decrease obviously with
temperature, while the specific heat capacity and thermal
expansion coefficient increase with temperature.
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3.3. The boundary conditions

According to the technical requirements and actual
operation curve of high-speed train foundation braking
[45-48], four typical working conditions are calculated,
including once emergency braking at 200 km/h, once
emergency braking at 300 km/h, once 29 kN constant
pressure braking at 200 km/h and three times of 29 kN
successive constant pressing braking at 200 km/h. The bolt
hole is fully constrained in the calculation process. Figure
3 illustrates the variation curves of brake pad pressure and
braking speed with braking time under the speed levels of
200 km/h and 300 km/h. Figure 4 shows the variation
curves of brake pad pressure and braking speed with
braking time under one 29 kN constant pressure braking
and three times of 29 kN successive constant pressure
braking.

Table 2. Mechanical properties and thermophysical parameters at
different temperatures

Elastic . Specific  linear
Temperature "\ Yield  heat  expansion Thermal
oc strength capacity coefficientconductivity
0 (GPa) (MPa) /(W/m-°C)
(Cp/l/gK) (10°%/°C)
25°C 228 790 0.485 10.9 452
100°C 224 710 0.485 10.9 45.0
200°C 223 670 0.515 11.7 42.7
300°C 207 590 0.550 12.3 40.5
400°C 177 450 0.555 12.8 37.6
3004
250H —=—200 km/h emergency braking
—4—300 knm/h emergency braking
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Figure 3. The emergency braking force curve
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As shown in Figure 3, the heat input is the highest
under 300 km/h emergency braking. The maximum
pressure under 200 km/h emergency braking and 300 km/h
emergency braking is 27.18 kN and 34.64 kN respectively.
It can be seen from Figure 4 that under the speed level of
200 km/h, there is a linear relationship between the speed
curve of 29 kN constant pressure braking and the braking
time. After braking, the natural convection and heat
dissipation occur between brake disc and air. After 30
minters later, the surface temperature of 200 km/h
emergency braking will return to room temperature.

3.4. Other calculation parameters

In this study, the ambient temperature is T (X, Y, Z) =
25 °C at time ¢ = 0 s. The input heat flow is obtained by
using the friction power method. The effective friction
area of the brake disc is 0.21 m?, the friction coefficient is
0.28, and the effective radius of the brake disc is 297.3
mm. During the braking process, the brake disc is in forced
convection heat dissipation state, and the heat dissipation
coefficient is taken as 120 W/m?-°C at 200 km/h; After
braking, the brake disc is in natural convection heat
dissipation state, with the value of 28 w/m?:°C, and the
linear value is taken during braking. In the braking
process, the indirect coupling method is wused for
calculation. The bilinear isotropic strengthening criterion
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is adopted in the thermal stress calculation, and the
structural analysis element solid 185 is used to replace the
thermal analysis element solid 70 for nonlinear transient
analysis.

4. Calculation Results
4.1. Temperature field results

In order to study the stress distribution of the brake
disc, that is, the distribution law of the thermal stress of the
brake disc with the thickness and radial direction, the
temperature field distribution of the brake disc is first
analyzed. Select five positions along the radial direction.
The distances from the center of the brake disc are 223
mm, 243 mm, 263 mm, 283 mm, and 303 mm. The node
numbers are 41487, 41431, 41430, 41353, 41379. Four
positions are selected along the thickness direction, and
their distances from the friction surface are 0 mm, 6 mm,
16 mm, 38 mm. The node numbers are 41430, 41960,
42233, 42242, as shown in Figure 5. Under different
braking conditions, the temperature change curve along the
thickness direction is shown in Figure 6, and the
temperature change curve along the radial direction is
shown in Figure 7.

200 ~

Figure 5. The temperature and stress measuring point of brake disc
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Figure 6. The temperature curve of different thickness direction under different braking conditions
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It is found that at the beginning of braking, with the
successive input of strong heat flow, the surface heats up
rapidly in a short time and reaches the peak point soon in
Figure 6. Then, due to the effect of forced convection
cooling, the surface gradually transfers heat to the disk
body through heat conduction, thus the temperature
gradually drops. At the same time, the temperature field of
the brake disc gradually decreases along the thickness
direction. This is because the strong friction between the
brake disc and the brake pad that causes the surface
temperature to rise sharply in a short time, while the
temperature inside the brake disc is caused by heat
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conduction. Therefore, the greater the distance d from the
friction surface, the lower the temperature.

Figure 7 shows that the temperature field of the disc
surface increases first and then decreases in the radial
direction. This is due to: (1) Limited by the geometric
structure of the brake disc; (2) The friction ring is located
at the center of the disc surface, closer to the center of the
disc surface, the slower the heat dissipation, the higher the
temperature. The cloud diagram of brake disc transient
temperature field under different working conditions is
shown in Figure 8.
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Figure 7. The temperature curve of different radial direction under different braking conditions
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It can be seen from Figures 6-8 that the temperature
field changes under different braking conditions are
relatively similar. At the beginning of braking, the heat
flux density is the largest, and during the braking process,
the heat flux density gradually decreases as the braking
time increases. The temperature field of the brake disc also
shows a similar law under different braking conditions,
that is, the temperature growth rate is getting smaller and
smaller. After reaching the peak, the temperature of the
disk gradually decreases. After braking, the temperature of
the disc body gradually returns to room temperature.

4.2. Stress field results

Using the indirect coupling method, the analysis result
of the temperature field is applied as a load to the
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Figure 9. 200 km/h emergency braking

simulation analysis of the thermal stress. The element type
was also changed from SOLID70 to SOLIDI185, and full
constraints were imposed on the bolt holes [49-50]. The
nodes at d= 0 mm, 6 mm, 16 mm, and 38 mm from the
disc surface position are selected in turn, and the change
curves of circumferential stress, radial stress and
equivalent stress with braking time are studied
respectively. Figures 9-12 are once 200 km/h emergency
braking, once 300 km/h emergency braking, once 29 kN
constant pressure braking, and three times of 29 kN
successive constant pressure braking curves of thermal
stress along the thickness and radial directions. The cloud
diagram of brake disc transient stress field under different
working conditions is shown in Figure 13.
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Figure 13. The stress field cloud diagram under different braking conditions

The main conclusions are as follows: 4. The change trend of the circumferential stress along the
1. Under four different braking conditions, the radial direction is similar to the change trend of the
circumferential stress of the disc surface is obviously temperature field along the radial direction. The
greater than the radial stress. circumferential compressive stress reaches the
2. During the braking process, the circumferential stress is maximum at about / = 263 mm (at the center of the
dominant, which indicates that the surface is dominated friction ring); At / = 223 mm-263 mm and [/ = 263
by radial cracks; The rapid decline of the mm-303 mm, the value gradually decreases; The
circumferential stress indicates that the radial cracks circumferential stress values at / =243 mm and [ =
are mainly based on shallow cracks. When d is larger in 283 mm are not much different. It can be seen that the
the depth direction, the crack loses its driving force for circumferential stress is almost symmetrical in the
growth. Radial cracks are one of the important reasons radial direction.
restricting train safety. 5. The thermal stress under 300 km/h emergency braking
3. From the thermal stress curve of the brake disc, it can is greater than the thermal stress of three times of 29
be seen that under four different working conditions, kN successive constant pressure braking, once 29 kN
the stress is dominated by compressive stress during constant pressure braking, and once 200 km/h
braking. After braking, a residual tensile stress of emergency braking in turn.
different magnitudes is formed under room It is found that there are three main reasons for the

temperature. damage of the brake disc: (1) After the brake disc is heated
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by friction, the temperature increases, resulting in the
combined burning of the friction surface; (2) Abrasive
wear caused by road dust and hard spots falling off the
worn surface; (3) Fatigue damage caused by thermal stress
caused by friction between brake disc and brake pad. To
sum up, when the maximum temperature of the brake disc
exceeds the maximum allowable temperature, or the
maximum stress exceeds the yield stress, it will cause great
damage to the brake disc. You can select better high-
temperature and high-strength materials or optimize the
heat dissipation structure of the brake disc, and add some
grooves on the brake disc to reduce the temperature during
the use of the brake disc, at the same time, the occurrence
of severe working conditions such as emergency braking
should be minimized, or the operating speed should be
reduced to prolong the service life of the brake disc.

5. Conclusions

It can be inferred from simulation results that:

1. Although the braking conditions are different, the
temperature change of the disk surface has similar laws
from the temperature change curve. At the beginning of
braking, with the continuous input of strong heat flow,
the disk surface rises rapidly in a very short time and
reaches the peak point soon. Then, due to the effect of
forced convective cooling, the disk body gradually
dissipates heat through radiation and convection, and
the temperature decreases slowly.

2. The temperature of the brake disc surface is the highest.
Along the depth direction, the farther away from the
friction surface, the lower the temperature. The
temperature in the center of the friction ring is the
highest. Along the radius direction, the farther away
from the center of the friction ring, the lower the
temperature. The equivalent stress produced by the
once 300 km/h emergency braking is the largest. It can
be seen that speed has the greatest impact on the stress
field of brake disc.

3. The three times of 29 kN successive constant pressure
braking, the thermal stress in the second time is the
largest and greater than the thermal stress formed
during the first and third braking, while the temperature
field is different. The maximum temperature in the
latter time is greater than the previous. This is because
the higher the temperature, the smaller the yield limit of
the forged steel material, and the easier the material
enters the plastic zone. The maximum equivalent stress
produced by the third constant pressure braking is less
than 10%, which shows that the damage caused by the
third continuous braking is large.

4. According to the above research results, based on the
bionic design concept, some new bionic heat
dissipation ribs should be proposed to reduce the
temperature field and stress field of the brake disc, so
as to provide reference for the structural optimization
and design of the brake disc.
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Abstract

In order to solve the practical problem of accurate measurement of the position and posture of mechanical parts in the process
of handling, a detection system for the position and posture of mechanical parts is designed. The improved Canny edge
detection algorithm is used to recognize the contour of the mechanical part edge, and the scale invariant feature
transformation method is used to extract the feature points and stereo matching of the mechanical parts. The mathematical
model of the pose detection system is established, and the position and direction of the mechanical parts placed on the
conveyor belt are calculated by solving the transformation relationship between coordinate systems. The shape and position
of mechanical parts are recognized by compiling the pose recognition program. The experimental platform of pose test
system is built and the test experiment is carried out. The experimental results show that the designed system can detect the
position and orientation of parts quickly and effectively, and provide technical support for the realization of automatic pose

detection of parts.
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1. Introduction

In the flexible automatic production line, robot is
needed to carry, transfer and transport the mechanical
parts. To grab a part, the robot first needs to measure the
pose of the part [1]. It is the key technology of automatic
feeding and unloading of parts to determine the placement,
position and posture of the parts by the vision system.
Machine vision is a kind of measuring and judging
technology using machine instead of human eyes. In recent
years, machine vision technology combined with robot
technology has been widely used in industrial testing [2].

As a new non-contact technology, mechanical parts
pose measurement technology can effectively make up for
the shortcomings of the traditional 3D measurement, many
experts at home and abroad have been widely concerned.
The technology of measuring position and pose of
mechanical parts has the advantages of real-time and high
precision, which not only accords with the detection and
positioning of intelligent factories, but also improves the
automation and efficiency of industrial products [3]. The
biggest advantage of non-contact position and pose
detection is that the parts can be on-line detected and the
following adaptive finishing can be carried out without
reinstalling the parts. In the position and pose detection
system of mechanical parts, the number of imaging
pictures obtained by camera mainly includes many,
binocular and monocular vision systems. Although the
structure of monocular vision system is simple, it is
difficult to measure the coordinate of depth in 3D
coordinate. Binocular stereo vision is the use of two

* Corresponding author e-mail:liangchun1980@163.com

cameras in different positions to capture the same scene as
a single camera after changes in position and pose [4].
Therefore, the study of binocular stereo positioning and
pose detection is very meaningful, which can quickly and
non-contact get the 3D coordinate information of parts,
and calculate the pose.

In recent years, linear friction welding is an important
method for machining and servicing aero-engine blades,
and it can achieve better weld performance and integrated
effect [5]. Because of the complex structure of the whole
blisk, the machining technology is faced with great
technical problems. Engine impeller is a kind of high
precision machining product, and its machining quality
affects engine performance. Therefore, the current disc
processing technology has stopped the decentralized
processing method, but adopted the overall processing
method. At present, the way of machining integral blisk is
concretely divided into welding and integral machining
[6]. However, the overall processing of large quantities of
materials and processing cycle is long, so linear friction
welding is a good overall disk manufacturing means [7].
But after welding, the error detection of the position and
attitude between blade and disk center is the key. After
frictional linear welding, according to the position and
posture obtained. At present, the visual inspection system
is mainly used to detect the position of workpiece, but the
research on the method of workpiece attitude inspection is
less. Aiming at the actual demand of measuring the
position and posture of mechanical parts in the process of
transportation. This paper designs a position and posture
detection system based on ORB (oriented fast and rotated
brief) key frame matching algorithm.
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2. Conversion Scheme of Part Pose Detection System

2.1. Transformation of coordinate system of space
coordinates

The camera collects
images

The system consists of 4 modules: image acquisition,
image analysis and processing, dimension measurement
and result output. The basic flow of the system is shown in
Figure 1.

Pose detection

Double target location }—»‘ Image preprocessing }—»‘ Feature point extraction }——{ Stereo matching H

3D detection ‘

Binarization

Edge detection

Figure 1. Work flow chart of pose detection system

In Figure 1, the position and attitude detection system
is calibrated by using the calibration board, and then the
image captured by the camera is binarized and edge
detected, and the feature points are extracted from the
image. Based on this, the points with the same features in
the image are matched and the same name points are
generated. Finally, the coordinates of the feature points,
the external dimensions of the parts and the position and
attitude information of the parts are measured through the
3D measurement module. The values of the coordinate
system are represented by the position and orientation of
the pixels. The origin is located at the top left corner of the
pixel graph, the origin is located at the bottom of the V
axis, and u axis is to the right, respectively representing the
column pixels and row pixels. The coordinate conversion
diagram of the spatial coordinate system is shown in
Figure 2.

0O

Xe

Ye d

Figure 2. Transformation diagram of space coordinate system

2.2. Image gray level transformation

Mechanical part recognition needs to scan the part
image by the camera first, and then transmit the acquired
image to the PC through the image acquisition card. In the
whole process of image collection, the quality of the
collected image will be affected by various factors.
Therefore, before the detection of mechanical parts, it is
necessary to process the digital signal. In this way, the
image distortion can be avoided as much as possible [8].
Therefore, it is very important to develop image
preprocessing.

Feature extraction

3D coordinates of feature points
(distance measurement)

Distance between two feature
points (line length)

The general display consists of a finite number of
points, and the points in this series are called pixels. The
coloring device colors each pixel from left to right, and
then colors all the pixels in the screen from top to bottom;
people can feel the image information through the short
visual effect of the eyes. Bitmaps display and save images
through bitmaps [9]. Bitmaps include color bitmaps and
grayscale images. Color bitmaps are formed by mixing
red, green, and blue (R, G, B) colors, with different
proportions of each color forming a variety of new colors.
However, all pixels of all images are described by RGB
components, which will eventually lead to the result that
most of the computer storage space will be occupied by
images. Grayscale image is a kind of non-color-table
image described by different illumination intensity. It can
express the grayscale image by quantifying the brightness
value. Gray-scale map is generally divided into 0-255,
where 0 represents pure black, 255 represents pure white.

Grayscale is one of the common ways of digital image
information processing. There is an equal transformation
relationship between image RGB color and gray value. In
the RGB color mode of the image, a set of (RGB) values
are used to represent the color information, which can be
converted with the gray level of the image. After grayscale
processing, the color and brightness of color image can be
converted to the brightness of grayscale image. For RGB,
the values are set to be equal, so the RGB value is changed
from (0, 0, 0) to (255, 255, 255), (0, 0, 0) to pure black,
(255, 255, 255) to pure white, and (0, 0, 0) to (255, 255,
255) to gray. In this way, we can use RGB value to
describe the gray image.

Through image gray-processing, it can greatly reduce
the workload of PC, shorten the image processing time,
can get more detailed image information, greatly reduce
the interference of external factors, and reduce the image
processing difficulty [10]. Therefore, it is most reasonable
to use gray-scale image in machine vision recognition and
inspection.

There are three methods for gray scale transformation:
maximum method, average method and weighted average
method.

Maximum value method: the component with the
largest value among RGB components is regarded as the
gray value of the pixel. The formula is as follows:
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R=G=B=max(R,G,B) @

The brightness of the image obtained by this method is
high.

Average Value Method: Take the average of the three
RGB components as the gray value of this pixel. The
formula is as follows:

max (R,G,B)
3

The images obtained by this method are more
harmonious.

Weighted average method: to make certain proportional
values of the three components of RGB according to
certain rules, calculate the weighted average values of the
three components and treat the values as gray values. The
formula is as follows:

W.R+W.G+W,B
R G B

3
where W , Ws and Wy are the Welghﬁ)}aluﬁs/of RG]?/V
components. By changing the values of
various gray images can be produced. It is found that people have
the strongest light sensitivity to the green series, but the least
sensitive to the blue series. In this study, weighted average
method is used.

R=G=B= ©)

R=G=B= 3

For the light between the green and blue series,

according to the We>Wo>Wy weight value, we can get

the gray image which is more suitable for human eyes. In

. W—0299 w,=0.587 w,=0.114
particular, in

values, the human eye is more likely to feel the color of
the light.

3. Image Preprocessing of Mechanical Parts Position
and Pose Detection System

Due to the influence of external environment and
internal parameters, such as illumination, lens, etc., in the
process of image acquisition, the image of mechanical
parts will be disturbed. If the angle of illumination causes
the surface of the workpiece to be obscured by light from
the environment, or to reflect light resulting in
highlighting, or the workpiece is located on a platform
showing signs of irregularity [11, 12]. Because the camera
has a strong ability to capture images, these external
effects will be captured by the camera and presented in the
image, which is easy to cause image misjudgment, so
image preprocessing is needed. There are three main steps

in image preprocessing: image binarization, edge contour
extraction, and mass processing (connected domain).

3.1. Image binarization

Because the principle of black-and-white image data is
simple and reliable, it can be easily identified by computer.
The binary method is used to process the image, and all the
gray information of the image is converted into 0 and 255
binary values. Position and pose detection systems for
mechanical parts minimize interference from object color
properties [13]. In this paper, Otsu method is used to
binarize the image. The idea of Otsu algorithm is to divide
the image into background and target, and the larger the
variance between the background and target, the greater
the difference between the two parts. Therefore,
maximizing the variance between classes means
minimizing the probability of IIRS(thSIj)n

For the image gray value the segmentation
threshold of target and background is marked as H , then
there are:

N,
W, =—2xN

w, :&XN

Ny+N =M xN Q)
wy,+w, =1

U = Wolly +wy,

2 2
g=W, (”o _”0) w (”1 _”1)
where: "o represents the proportion of target pixel points in the
whole image; ~© represents the average gray level,
represents the proportion of background pixel points in the whole
image; ! is the average gray level; U s the tota] average gray
level of the image; is the inter class variance; X is the
size of the image when the background is dark; ~ "0 is t}[\? number
of pixels whose gray value is less than the threshold T; ~ ! is the
number of pixels whose gray value is greater than the threshold T.

By simplifying Formula (4), the following can be

obtained:
2

g=ww (uo —ul) (6]

By using traversal method, the threshold T is obtained
when the variance between classes is maximized. The
optimal threshold value obtained by Otsu algorithm is 177.
The ORB framework proposed in this study is an
improved method based on graph optimization, and its
overall framework is shown in  Figure 3.
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Figure 3. Improved ORB system framework diagram

The framework is divided into three parts: front-end
construction,  back-end  optimization and  map
representation. According to the observation and constraint
information, the system can construct the position and
pose map and the 3D point cloud by feature point
registration and position and pose transformation.

3.2. Extraction of part edge contour

Part edge reflects the structural characteristics of the
part, so before the image recognition, image edge
detection, effectively reduce the computer misjudgment of
the measured parts [14].

In this paper, the improved Canny edge detection
algorithm is used to detect the edge of parts, and the
gradient amplitude calculation method is used to improve
it.

The basic process is as follows: denoising the image by
Gauss; interpolating all the pixels in the neighborhood
along the gradient direction with the gradient amplitude,
calculating the gradient direction and amplitude, detecting
the maximum amplitude points, and then getting the edge
points; then suppressing the non-maximum value, then
connecting the edges through the double threshold
algorithm to prevent false edges from appearing in the
contour map, and improving the efficiency of part edge
calculation [15].

3.3. Image block processing

Image agglomeration processing is to process the
connected region of the image. The measurement system
of the position and orientation of the parts remove the
connected region that is smaller than the region value by
setting the value of the area and the perimeter domain, and
by successively removing the connected region through
the processes of removing the noise of the perimeter, the
area and the roundness domain [16, 17].

For example, in binarization image, the uneven part of
the workpiece surface is displayed on binarization image
because of the influence of the illumination angle.

3.4. Image preprocessing experiment

After calibration by the calibration board, the system
places the workpiece to be measured (in the middle of the
camera picture). In this study, “Otsu binarization” method
is used to preprocess the part image [18].

The Canny edge detection algorithm is used to detect
the edge of parts. In this process, Gaussian filter is needed
to filter out the interference information. In the Gaussian
filter, the Gaussian kernel can be regarded as the weight
negatively correlated with the center distance. During
image smoothing, adjusting the standard deviation & of
Gaussian filter is actually adjusting the influence of
surrounding pixels on the current pixel. Increasing o
increases the influence of distant pixels on the central
pixel, and the smoother the image filtering result. The
calculation process of spatial standard deviation & of
Gaussian filter is as follows:

1
2ro,

(6)

o=

where O, represents the standard deviation corresponding to
Gaussian in frequency domain. In this study, the standard
deviation O of Gaussian filter is set to 0.4, and the edge
detection effect is shown in Figure 4.

(a) Left camera capture screen  (b) Right camera capture screen
Figure 4. Edge detection image
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4. Stereo Matching and Part Pose Detection

4.1. ORB feature point detection and matching

The ORB algorithm extracts feature points through
FAST corner detection. Its principle description is as
follows: for detecting the gray value of 16 pixels in a circle
with any point p as the center and 3.4 pixels as the radius
(referred to as the M16 template), if the gray value of
conse?utive " points in M16[is greater than Ip t or less
than 7 —1! (among which: 7 — P point gray value,
—threshold), P ghall be determined as the feature point.
In order to improve the speed and accuracy of feature point
detection, the author adopts a segmentation test standard,
namely 12 point detection method. Only the gray values of
points 1, 5, 9 and 13 are detected first, and the remaining
12 points are detected only after at least 3 points meet the
above threshold conditions [19]. The M16 test template is
shown in Figure 5.

Figure 5. M16 test template

The above segmentation criteria only apply to the case
of n = 12. In order to improve the accuracy and
effectiveness of detection, the machine learning method is
introduced into the FAST algorithm. The steps are as
follows: for the specified pixel value n and threshold t, all
feature points are detected from the image set by using the
segmentation test criteria. The process needs to detect the
M16 of each point, and the detected image is used as the
training sample [20]. Then, according to the principle of
maximum information gain, the ID3 algorithm is used to
train the feature point classification decision tree. The
points in the image are classified into feature points and
non-feature points by decision tree.

The system backend is responsible for the optimization
of the posture map, so that the output map model has
global consistency. Sensor noise, cumulative error of depth
value quantification and registration error will lead to the
uncertainty of the system, and then pose and drift of 3D
map will appear [21]. Through closed-loop detection,
random closed-loop detection and trajectory optimization,
the whole map is updated in real time in order to enhance
the global consistency of the generated map model.

The fast corner detection based on machine learning
only compares the pixel gray values, so that its matching
efficiency is effectively improved. Machine learning can
enhance the universality of the algorithm. If the intensity
centroid is specified as the rotation direction, the rotation
invariant of fast (oriented fast) descriptor can be obtained

[22]. The process is as follows: take the feature point o
as the origin of the coordinate system, calculate the
centroid position B_in the neighborhood P , and
construct the vector with the feature point as the
starting point and the centroid as the end point.

The matrix of a neighborhood can be expressed as:

R, =D xV'K(x,y) ™

nxm

where: K(x,y) is the gray value of the image,

x,ye[-rr], and r is the radius of the

neighborhood P . Then the centroid position of
the neighborhood is:

C, = (&,&j (®)
Ry, Ry

In order to detect the pose of workpiece in binocular
stereo vision system, it is necessary to detect and match
feature points. Stereo matching is to find the conjugate
image points in the collected left and right images, and
determine the corresponding relationship between the
target points in the left and right images. Pose is the
position and posture of the object, where the position is the
coordinate value of X, Y and Z, and the posture is the
rotation angle around X, Y and Z. Make the point set

P =(x.,vy.,z2.
i (x]l,y “’Z“) at the ideal position before welding

P = Ve 2.
and % (le,yzl,zz,) after welding. Therefore, the

coordinate value of P point before welding is formed by
a rotation matrix and a translation matrix, which is as
follows:

X Xy
Vo |=R| | +T (€]
Zyi Zy

where vector T is a three-dimensional vector:

T =[x, 1,2z (10)

The translation vector 1  is the position translation of
two pieces before and after welding, and the R matrixisa
3x3 matrix, in which njns elem are trigongmetric
fknctions of three angles (nRx’key’erltf, and ﬂ%, ktyn and

= are the three rotation angles around axis X S Y and
Z of boss coordinate system respectively. The detailed
rﬁtation process is s follows: first, rotates around axis
= then rotates » around axis Y , and finally rotates
* around axis X . the right hand rule is positive.

4.2. Extraction and stereo matching of feature points

The system utilizes the scale invariant feature
transform (SIFT) based on feature point scale invariant
feature transform for stereo matching. SIFT is a widely
used feature point detection and description algorithm at
present. The key of SIFT feature matching is to extract
feature points. The extraction process of feature points is
as follows: detecting the extreme value of scale space,
determining the correct feature points and the main
direction of feature points, and generating SIFT feature
vectors. The specific steps are as follows:

(1) Computing the point-to-point test based on child
windows in the neighborhood of a certain feature point;
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(2) Sort all the test values in step (1) according to the
difference between them and 0.5 to form a vector;

(3) Greedy search: (a) placing the first test point in the
result vector R and removing it from the vector; (b) taking
a test from the vector and comparing it with all the test
values in the vector, and discarding it if the correlation is
greater than a certain threshold, or adding it to the vector
as a coordinate to generate the descriptor; and (c) repeating
the above steps until there are 256 coordinates in the
vector to form the final descriptor. Then the correlation
threshold is increased, and the correlation of the selected
test values is checked again to ensure that the final results
have a smaller correlation.

The detection of the change of position and orientation
of welding parts. Firstly, the technology structure of
finishing square convex table on the blade blank is shown
in Figure 6, which is used for blade positioning.

Finish machining square boss for
positioning

o A G

Rapid vibration up and down

Figure 6. Sketch of linear friction welding of bladed disk

Before welding, fix the vane disc in the ideal position
of the disc center with special fixture. Firstly, a mark circle
is pasted on the convex platform, a vertex is selected, and
three vertical boundaries are made as the coordinate
system of X, Y and Z axis. After the welding, the images
of the boss are taken and the 3D coordinates are
calculated. Finally, we get the 3D coordinates and
calculate the angle of the three translation parameters Ry,
Ry and R in the convex coordinate system.

The position and posture detection system detects the
coordinates of X, Y and Z of some key points by binocular
stereo vision, and solves the displacements of three
coordinate axes and the corners of three states according to
the coordinates. Finally, the tool path is generated by NC
programming and the blank parts are finished. The gray
transparent portion is the extra margin in Figure 7.

Parts after welding

Import the
software and

Ideal CAD model adjust it

Figure 7. Comparison of parts and ideal part models after
determination of welding pose

4.3. Modeling of pose detection system

In essence, the pose detection of parts is to solve the
position relationship between two coordinate systems.
There are two groups of parameters to describe the pose
transformation of two coordinate systems: Euler angle and
displacement. Firstly, a workpiece coordinate system is
established on the part to be measured. The origin can be
set at the space position on or near the part. The coordinate
system is marked as OM and the world coordinate system
is marked as Ow. The OM coordinate system is rotated
around ZM axis. When XM axis (YM axis) is parallel to
ow's XW axis (Yw axis), the rotation stops and the rotation

angle vy is recorded. Suppose that the parallel axes are XM
and Xw, then rotate the OM coordinate system around the
XM axis until the second coordinate axis is parallel;
assume that the second parallel axis is YM and Yw, record
the rotation angle f3; the last rotation makes OM parallel to
Ow three axes, and then record the rotation angle a.

The coordinate system OM translates along the three
directions of X, Y and Z, and finally completely coincides
with Ow. The displacement of the translation is the three-
dimensional coordinates XT, YT, ZT of the origin of the
OM coordinate system in Ow. In fact, the pose of a part is
the transformation of two coordinate systems.

The steps for measuring the pose of the part are as
follows:

(1) Establishing the relationship between the reference
coordinate system and the camera coordinate system. The
space vectors of each axis of the coordinate system are
obtained by using the method of plane fitting, and the
space vectors of 3 axes in the camera coordinate system
are constructed.

(2) Obtain the position relationship between the
workpiece coordinate system and the camera coordinate
system in real time. The coordinate values of the points in
the coordinate system of the workpiece are obtained by
identifying the feature points on the part, and the
coordinate values of the points in the camera coordinate
system are obtained by measuring the feature points.

(3) Obtain the position relationship between the
workpiece coordinate system and the reference coordinate
system. According to the relation obtained in step (2) and
the relation between the reference coordinate system and
the camera coordinate system, the position relation matrix
of the two systems is obtained by matrix transformation.

(4) Solve the pitch angle, yaw angle and roll angle of
the workpiece in the reference coordinate system.

The relationship between the workpiece coordinate
system and the reference coordinate system determines the
position of the partial angle of the part relative to the
reference coordinate system, that is, the space attitude of
the part. It is determined by three angles describing the
relative relationship between the two coordinate systems,
namely, the Euler angle, as shown in Figure 8.

Y' Yw

Z
W 7 ZM

Figure 8. Relationship between reference coordinate system and
moving body coordinate system
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In Figure 8, the pitch angle alpha represents the angle
of rotation of OYM 'around OXM to OYM, that is, the
angle between OYM and the plane OXM Y'. The angle of
yaw beta represents the angle of rotation of OX 'around
OY' to OXM, that is, the angle between OXM and plane
OZW X'. Roll angle y represents the angle of rotation of
the OXW axis around the OZW axis to the OXW axis in
the reference coordinate system, that is, the angle between
the OXW axis and the plane OXW ZW. The angle sign is
determined by the right-hand rule.

5. Testing Experiment and Error Analysis of Parts
Position and Pose

5.1. Parts and posture testing platform

In the simulation, the hardware environment: Celeron
2.4 GHz for the processor, 4GB of memory for the
computer, Windows 7 for the software environment, using
C + in the Visual Studio compiler. Testing experimental
time was 30 min.

In order to verify the effect of part pose detection, a
platform for part pose detection is built, as shown in
Figure 9.

- ./
Figure 9. Binocular stereo vision measurement system platform
As can be seen from Figure 9, there are two parts of the
instrument. Other specific platforms include: binocular
calibration, binocular detection, stereo matching, binocular
measurement, pose and angle measurement.

5.2. Part pose testing process

After actual measurement and parameter adjustment,
the distance between each point of the calibration board
and the left camera (the origin of the coordinate system
coincides with the light center of the left camera) is
approximately equal to the Z-direction value of the three-
dimensional coordinates of the workpiece under
measurement. Taking the six-hole workpiece as an
example, the posture measurement is carried out. Select 5
feature points of the workpiece to measure, use 3 feature
points to establish a workpiece coordinate system, and use
2 feature points for accuracy correction. The position and
posture of the six-hole workpiece are tested by placing the
workpiece in any of six positions. The specific flow is
shown in Figure 10.

‘ Acquisition of mechanical parts pose image data ‘

'

‘ Image preprocessing ‘

i

‘ Classification of inner diameter of mechanical parts }47

!

‘ Planning matching area ‘

l

‘ Template matching calculation ‘

N

Does it match

‘ Output matching results ‘

End

Figure 10. Flow chart of position and pose inspection for
mechanical parts

5.3. Experimental error

The experiment is divided into two groups, the first
group of tilted, the second group of vertical and horizontal
direction of placement, left and right side of the detection
of the screen as shown in Figure 11.

(a) Left instrument test drawing (b) Right instrument test
drawing

Figure 11. Six hole workpiece placement posture

Measure the 6 positions of the parts, and get 6 sets of
pose data, as shown in Table 1.
Table 1. Position and orientation data table of six holes

Position  Pitch angle (°) Yaw angle (°) Roll angle (°)
1 19.83 176.89 -106.25

2 36.44 -15.45 -155.45

3 84.82 -77.65 -99.45

4 84.26 54.26 170.69

5 52.36 8.89 115.28

6 58.14 -30.25 -127.65

In order to verify the accuracy of the position and pose
measurement system, the position and pose of workpiece
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No. 5 is repeated for 5 times. The results are shown in
Table 2.
Table 2. Test data of position and pose of workpiece No. 5

Table 3 Comparison results of pose detection accuracy of
different methods (%)

Image rotation angle (°) ORB SURF SIFT  BRIEF

Position Pitch angle Yaw angle (°)  Roll angle (°)
©)

1 53.25 8.95 115.25

2 53.26 8.54 115.89

3 53.12 9.01 114.15

4 53.30 9.52 114.69

5 53.45 8.90 117.86

90 93.26  87.89 7524 8236
180 94.27  88.55 75.88  83.41
270 94.13  89.02 74.14  83.60
360 9531 89.50 74.64 84.14

In Table 2, the measurement of the angle of rotation of
the workpiece around the X and Y axes has a slight
fluctuation, with only a deviation of 0-0.54°and 0-1.03°;
The measurement of the angle of rotation along the Z axis
has a larger deviation, with a maximum of 3.42°
Generally, the parts are transported by adsorption, which
requires high precision in X and Y direction and is
insensitive to Z-axis deviation. Therefore, the system can
meet the requirements of parts loading and blanking.

Using the same computer, we compare several common
feature points extraction and matching algorithms by
artificial rotation and Gaussian noise. The matching results
can verify the rotative invariance of the improved ORB
algorithm. As shown in Figure 12, the improved ORB
algorithm proposed in this study has better anti-rotation
performance than other algorithms.

100

Image feature matching rate/(%)

0 45 90 135 180 225 270 315 360
Image rotation angle (°)
——ORB oo SURF —--SIFT --— BRIEF

Figure 12 Comparison of various algorithms for rotation
invariance

As can be seen from Figure 12, the execution time of
the algorithm is an important indicator of the real-time
performance of the algorithm. Under the same hardware
conditions, using the atlas of data set can verify that the
ORB operator has better real-time performance. The
matching feature points are extracted by ORB algorithm,
and the feature point descriptor D-R64 is stored in the
form of Y-R3. The geometric relationship between the
observed position (X-R6) and the observed information
can be obtained. Through the inter-frame registration of
ORB feature point image, the feature data in different
observation coordinate system can be transformed into
global coordinate system to detect the position and
orientation of mechanical parts.

Finally, taking the pose detection accuracy as the index,
the application performance of different methods is
verified, and the results are shown in Table 3.

By analyzing the results shown in Table 3, we can see
that with the change of image rotation angle, the pose
detection accuracy of different methods also changes.
However, in contrast, the pose detection accuracy of this
method can always be maintained at more than 90%,
which is significantly higher than the three traditional
methods, which proves that this method has better
application effect.

6. Conclusions

Based on the ORB key frame matching algorithm, the
position and pose detection system of mechanical parts is
designed. According to the actual requirements of position
and pose detection in the process of loading and unloading
of mechanical parts, this paper designs a set of pose
detection system for mechanical parts, establishes the
mathematical model of pose detection system by using
ORB key frame matching algorithm, and calculates the
parts in the conveyor belt by solving the transformation
relationship between coordinate systems The algorithm
program of pose recognition is compiled to realize the
recognition of the shape and pose of parts. The test
experiment is carried out with a typical workpiece as an
example. The experimental results show that the system
can quickly locate and measure the parts and meet the
requirements of loading and unloading of mechanical
parts.
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Abstract

Aiming at the problems of low monitoring accuracy and large memory consumption of traditional monitoring software, a
visual monitoring software for MEMS micro-drive debugging is designed in this paper. According to the characteristics of
MEMS system and the driving principle of micro actuator, the functional module of visual monitoring software for micro
actuator debugging is designed. It includes monitoring pause button module program, visual display module program,
monitoring quadrature signal module program and monitoring signal communication module program. Improve the
monitoring accuracy through the connection between various modules. Select the material of the micro-drive and set its
structural parameters, connect and debug the hardware of the drive, and test the performance of the designed software. The
experimental results show that the software designed in this paper has high accuracy and low memory loss, the average
accuracy is more than 90%, and the memory consumption is only 156 kb. It shows that this method can effectively monitor
MEMS micro actuator, and the monitoring results are reliable.
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1. Introduction

So-called MEMS (Micro company Mechanical
Systems, MEMS), refers to the micro structure of the
sensors, actuators and signal processing of small and
integration in the integration of control circuit and other
components, which can give and send the order
information or information acquisition and processing
according to the obtained information to work
independently or in accordance with the outside world
commands a micro computer electric parts, gear, or the
micro system [1]. The devices developed by using MEMS
technology can be applied in the fields of aerospace,
aviation, military, biomedical, environmental monitoring
and electronic consumption, etc., with a very broad
prospect [2]. MEMS technology is gradually developing
into a huge industrial cluster, and at the same time is
pregnant with a very profound technological change,
which will bring a new round of impact on human
production and life [3, 4]. As a key part of MEMS, micro-
drives have been studied in many countries since the
1980s, and some achievements have been made in China.

Yu and Tan designed a laser processing system
monitoring software based on DEA control module [5].
The system is divided into different modules, mainly:
identity verification module, monitoring module, data
management module, etc. It is built on the basis of OEF
graphics algorithm DEA control model, adding DEA
control model to the laser processing system can better
control the system. The operator uses the above modules to
complete the monitoring, data management and other
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functions of the laser processing system, and the interface
of each module is very clear, which provides a guarantee
for the smooth operation of the system. The monitoring
software in the system mainly includes: port settings,
converter configuration, motor status request, user request
response, etc. These software have data collection,
processing, analysis and other functions, which can ensure
the stable operation of the laser processing system
monitoring function. The software processes the program
hierarchically, but ignores the overall function of the
software, which has the problem of low accuracy of
monitoring results. Li and Liu designed an upper computer
monitoring software in the hydrological monitoring system
[6]. The monitoring software is a software system that can
be built on the hardware of the Internet of things, which
will be a software innovation on the application layer of
the Internet of things. Experiments show that the
monitoring software designed on the host computer can
not only complete the basic collection and management of
hydrological information, but also continue the secondary
development, and realize the advanced applications, such
as statistical analysis of basic data, data mining and
decision support. The functional design of the software is
comprehensive, but there is a problem of large memory
consumption.

In order to solve the problems of low monitoring
accuracy and large memory consumption of traditional
monitoring software, a MEMS micro drive debugging
visual monitoring software is designed in this paper. The
following is the main research content of this paper:

(1) According to the characteristics of MEMS system
and the driving principle of micro actuator, the functional
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module of micro actuator debugging visual monitoring
software is designed.

(2) Select the material of the micro drive and set its
structural parameters, connect and debug the hardware of
the drive.

(3) The monitoring results of the designed software
verify that the visual monitoring software designed in this
paper has ideal application effect.

2. Micro-Drive Debugging of Electromechanical
System

The composition of the MEMS system in this paper is
shown in Figure 1.

oo ] oo
Sensor (— signal —— signal |— signal [ Actuator
' ' ' o |
Communication/interface with other
h . . . . —
— Microsystems (optical/electrical/magnetic)

Figure 1. The composition of the MEMS system

In the debugging process of the micro-drive, the axial
length of the internal micro beam is larger than the inner
wall length of the external frame of the drive [7, 8], which
is intended to provide certain axial extrusion pressure to
the micro beam [9]; The drive structure also includes
sixteen adjusting electrode pairs and a pair of driving
electrode pairs. The adjusting electrode pair is realized to
control both ends of the micro beam synchronously by
adjusting the external adjusting circuit. The axial force on
the micro beam is regulated, and the voltage provided by
the external regulating circuit is driven laterally by the
driving electrode to the micro beam. Thus, the micro-drive
produces transverse displacement [10]. In MEMS, the
micro-drive is a very important component. Micro actuator
has the advantages of small size, high precision and low
energy consumption. At present, compared with foreign
countries, domestic researches on micro-drives are still in
the laboratory stage, with only a small part of micro-drives
products. But these products can only be used in some
special fields, has not formed a complete industry group.
So now, our country urgent problems for micro-drive is to
keep up with the pace of the international as soon as
possible, shorten the gap, improve research level, and then
let the micro-drive to realize industrialization. Micro-drive
refers to the micro electrical parts that enable micro
devices to realize movement. It is a very important
component of MEMS [11]. Electromagnetic drive When
the electromagnetic coil and magnetic medium (permanent
magnet or soft magnet) interact with each other will
produce mutual attraction or mutual repulsion force. Under
the action of this force, a certain displacement will be
generated, so as to realize the electromagnetic drive of
MEMS drive. The drive consists of a movable silicon film,
a permanent magnet, and an electromagnetic coil, where
the permanent magnet is above the movable silicon film
and the electromagnetic coil. When ac voltage is applied to
both ends of the coil, an electromagnetic field is generated
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under the action of ac voltage. The permanent magnet is
driven by the electromagnetic coil to do up and down
vibration, so the silicon film is also driven to do up and
down vibration.

The advantages of electromagnetic drive include simple
structure, sensitive action, easy to control, high reliability,
low price, etc., but it also has shortcomings, such as high
energy consumption, large volume, large noise, high
manufacturing difficulty and so on. The S120 drive control
system adopted in this paper adopts modular structure
design [12]. In terms of hardware structure, it can be
divided into two parts: power module and motor module,
which are connected by DC bus, and each motor module
shares the power source module. The S120 integrates a
new communication interface DRIVE-CLiq, through
which the S120 can be connected to motors and encoder
and other components. Each component has an electronic
nameplate, and all components can be automatically
identified by the DRIVE-CLiq cable.

The power module converts three-phase
ALTERNATING current into direct current, and supplies
power to subsequent motor modules through DC bus.
There are two types of power supply modules: Active Line
Module (ALM) and Smart Line Module (SLM). ALM is
equipped with DRIVE-CLiq interface (X200-X202). The
DRIVE cable derived from the DRIVE-CLiq interface of
the NUMERICAL control system is connected to the X200
interface of ALM, and the X201 interface of ALM is
connected to the adjacent motor module. SLM does not
have DRIVE-CLiq interface. The DRIVE cable derived
from the DRIVE-CLiq interface of the CNC system is
connected to the X200 interface of the first motor module.
First, connect the motor module X201 to the next adjacent
motor module, and so on. It should be noted that the more
powerful motor module should be installed adjacent to the
power module.

Use one SLM power module and two biaxial motor
modules. The communication cable derived from the X1
interface of the CNC system is connected to the X200
(DRIVE-CLiq) interface of the first biaxial motor module.
The X201 (DRIVE-CLiq) interface of the first biaxial
motor module is connected to the X200 (DRIVE-CLiq)
interface of the second biaxial motor module. The X202
and X203 (DRIVE-CLiq) interfaces of the two motor
modules are used to connect the encoder on the servo
motor.

After the hardware wiring is connected, the CNC
system needs to be debuggable first, and then the S120
drive can be debuggable.

The debugging process consists of the following main
steps:

(1) Check CNC system before power on

The inspection before electrification includes four
aspects: 1) Check whether the power module of the drive
and the 24 V DC power supply of the motor module are
connected correctly. 2) Check that the power module of
the drive and the DC bus of the motor module are
connected correctly. 3) Check whether the DRIVE-CLiq
cable is connected correctly. 4) Check whether the
PROFIBUS cable is connected correctly and whether the
terminal resistance is set correctly.

(2) Numerical control system electrification
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If no errors are checked before energizing, the system
can be energized. Close the system main power switch,
802Dsl host, PP72/48, and drive are powered on. The two
green lights on PP72/48 marked “POWER” and
“EXCHANGE” indicate that the PP72/48 module is ready
and data is exchanged by the bus. The indicator light on
the power module and motor module of the drive. The
READY light if it is color means that the drive has not set
parameters, and if it is red, it is faulty. DC LINK lamp if it
is orange means normal, if it is red means incoming power
failure. If there is no indicator light, it means there is no
DC 24V power supply.

(3) Nc system initialization

After the 802Dsl is powered on, the system
initialization should be performed first, and the required
initialization files should be passed into the 802Dsl system
using Siemens tooling software RCS802 or CF card. After
the components of the 802Dsl are properly connected, the
PLC control logic should be designed and debugged. The
drive and 802Dsl parameters can only be debugged after
all the safety functions of the PLC are correct.

(4) S120 drive debugging

Only after the PLC application program is correct, the
drive can then be debugged. In order to simplify the
debugging of the S120 drive, Siemens 802Dsl has
specially designed a graphical drive debugging wizard,
which can easily realize the fast debugging of the drive.
The process is as follows: 1) Load S120 drive firmware.
Ensure that all components of the drive have the same
firmware version. 2) Load S120 drive factory settings.
Activate the factory parameters of each drive component.
3) Topology identification and confirmation. Read the
structure of the drive connection and the control
parameters of the actual motor, and set the topological
structure comparison level.

Complete the debugging of the micro-drive through the
above steps. Based on this, the debugging result
monitoring software is designed below.

The debugging process of S120 drive is shown in
Figure 2.

N
LC application is correct

| S120 drive debugging |

I

| CNC system electrification | End
| CNC system initialization I

No errors found

Figure 2. S120 drive debugging flow chart

3. The Design of the Function Module of the Visual
Monitoring Software for Micro-Drive Debugging

Introduction to Software Development Environment
Code Warrior (CW) is a software integrated development
environment developed by Metrowerks. It provides a
series of tools for software development, including the
Integrated Development Environment (IDE), compiler,

connector, Debugger etc. [13]. Processor Expert (PE) is an
internal sub-module of CW, which encapsulates embedded
internal function modules and peripheral function modules
into independent modules. With the support of hardware
circuits, you only need to configure the corresponding
modules to use its functions without writing the underlying
program. PE mainly completes the initialization of
modules, and CW completes project integration, editing,
compilation and downloading, etc. The cooperation of PE
and CW effectively improves the development speed
based on Freescale chip systems. CW has cutting-edge
debugging technology and a sound development
environment, that brings embedded development to a new
level of development [14, 15], and also provides
developers with a highly visual and automated framework.
It greatly improves the speed of project development, and
creates applications for users of various development
levels that are simple and convenient. The powerful
compiling function of CW can check out obvious syntax
format errors in the code. After the compiling software is
passed, use USB TAP to burn the program, and it can be
debugged online. The development environment of CW is
shown in Figure 3.
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Figure 3 Code Warrior development environment

The main program of the system completes the
initialization of the program and the selection of function
modules. The initialization program is the operation of the
MCS56F84789 register after the terminal is powered on. It
is an indispensable part of the program. In the terminal, it
mainly initializes the ADC module, PWM module, 10
status, timer module, etc. To ensure the normal operation
of the system program. The terminal is divided into three
functional modules: signal source, signal monitoring and
digital signal. The signal source includes PWM, CLK,
monitor quadrature signal, analog voltage signal and
single-ended voltage signal; Signal monitoring includes
CLK signal monitoring and encoder signal monitoring;
digital commands are issued under RS232 and CAN
communication respectively. After power-on, the system
first initializes and enters the main menu interface. After
the effective button is monitored, enter the corresponding
secondary menu according to the button value. When the
effective button is pressed again, the program jumps to the
function module to work. The person presses the return
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key, the program returns to the previous menu, and waits
for the next key command [16, 17].

3.1. Monitoring pause button module program

In the process of debugging and monitoring the micro-
drive, if an abnormal situation occurs, it must be paused in
time to check the specific fault. This section designs the
program of the monitoring pause button module. The
button is used to realize the human-computer interaction
function of the debugging terminal, and the corresponding
function is entered through the button selection and
parameter setting. The stability of the button program is
the basic guarantee for the stable operation of the terminal.
In the key hardware circuit, the debugging terminal uses
the CH455 chip, which is connected to the 12C (Inter-
Integrated Circuit) interface of MC56F84789, with an
external interrupt 10 port. In the process of software
writing, configure the Internal I2C module and EINT
module in the PE, and write the program in conjunction
with the CH455 chip data manual. First, MC56F84789
sends a work start instruction to CH455 chip according to
the instruction code of the data manual. CH455 chip starts
to work according to the received digital instruction, and
continuously scans the keyboard. The internal part of
CH455 chip is divided into row scan and column scan to
prevent misjudgment of keystrokes. In this case, CH455
chip uses double discrimination to be valid. When the two
keyboard scan results are the same, the key is confirmed to
be valid. Each key corresponds to a unique key code. The
key code is determined by judging the position of the key
pressed. When a key is pressed, MC56F84789 detects the
interrupt signal and generates an effective low-level
keyboard interrupt, and then reads the key code through
the serial port. The key program flowchart is shown in

Figure 4.
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Figure 4. Keystroke program flowchart

3.2. Visual display module program

The LCD visual display screen visually displays the
running status of the system in real time, and cooperates
with the button function to realize the human-computer
interaction function. The visual display module uses
Jinpeng OCMJ44X8C-15 LCD visual display, and uses
only 4 wires with MCS56F84789 to realize data serial
transmission, and combines the OCMJ44X8C-15 data
manual for programming. The LCD screen of
OCMJ44X8C-15 is a 128 x 64 dot matrix with an
integrated font library chip, which can visually display
8192 Chinese characters and 126 symbol fonts, and users
can also visually display drawings. OCMJ44X8C-15
provides basic and extended instruction set to meet the
needs of developers, such as clear visual display, function
setting, setting DDRAM address and other practical
functions. Write and send a data function module
according to the serial timing diagram of the data manual.
First, set the PSB signal low to set the transmission mode
to serial mode, set the chip select CS high, start
transmitting the start byte, and receive 5 consecutive “1”.
As the starting byte, the transmission count is reset and the
serial is synchronized to the serial transmission. The three
bits received later are used as the transmission direction bit
(RW), and the register selection is (RS) and “0”. After
receiving the start byte, each eight-bit instruction is
divided into two parts. The upper four bits (DB7~DB4) are
received in the LSB part of the first byte, and the lower
four bits (DB3~DBO0) are in the LSB part of the first byte.
The LSB part of the second byte is received. The
remaining bits of the first and second bytes are 0. In the
LCD visual display function module, first write the
sending data module according to the set time sequence,
initialize the LCD screen with data manual instructions, set
the visual display row and column position, and finally use
the pointer to transfer the characters that need to be
visualized to LCD module.

3.3. Monitor quadrature signal module program

The monitor quadrature signal is two rectangular waves
with the same frequency, duty cycle, and amplitude, and a
phase difference of 90°. Among the many signal sources of
the micro-drive, the monitor quadrature signal is one of
them. The micro-drive debugging terminal uses
MCS56F84789 internal integration.

The PWM module realizes the function of monitoring
the quadrature signal. On the hardware circuit, only one
output signal circuit is configured on the PWMA and
PWMB ports, which can be realized by software
programming. The PWM module is divided into center-
aligned mode trigger and edge-aligned mode trigger. Using
the different trigger mode characteristics of the PWM
module, when channel A is 90° ahead of channel B, set
PWMA module to edge-aligned mode trigger and PWMB
module to configure center-aligned Mode trigger; vice
versa. Figure 5 is the timing diagram of channel A ahead
of channel B by 90°.
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A road 00 00 00 00

B road 00 00 00 00

Figure 5. Timing diagram of channel A ahead of channel B by
90°

After the Code Warrior IDE compiler has configured
the PWMMC module, the PE function automatically
generates the underlying program. When the PWMMC
module is configured in the center-edge alignment mode
and the edge-aligned mode, the value written to the
register will change, because the micro-drive debugging
terminal In monitoring the quadrature signal source, it is
required that the A and B signals can choose any one to
lead the other. Therefore, both PWMA and PWMB can
execute center-aligned mode programs and edge-aligned
mode programs, but only one mode can be selected in the
configuration. In the process of programming, it is found
that the center-aligned mode program and the edge-aligned
mode program are considered to be written in PWMMC In
the bottom layer, and the PWMMC module is frozen to
ensure that the bottom layer program does not change
when the PWMMC module is changed next time. This
method can solve the single use of center-aligned mode
and edge-aligned mode. The program flow chart of
monitoring quadrature signals is shown in Figure 6.

Set parameters and

modes
A leading B Model to B leading A
judge
A performs edge B performs edge
alignment alignment
B Performs center A performs center
alignment alignment

v

Orthogonal signal
output

End

Figure 6. Program flow chart of monitoring orthogonal signal

3.4. Monitoring signal communication module program

RS232 communication and CAN communication are
two widely used communication methods at present. The
monitoring signal communication module program of the
micro-drive debugging terminal uses a reasonable
structure. When the function module program is written,

RS232 communication and CAN communication are
written together, through the flag bit Determine the
communication method currently in use. The internal
Asynchro Serial module and Freescale CAN module of
MCS56F84789 provide great convenience for the
programming of monitoring signal communication
module. Through the configuration of RS232 and CAN
function module, PE generates such function functions as
Send Char (), Recv Char (), Send Block (), Recv Blck (),
etc., which are convenient for users to call. In this program
preparation, three important parameters, namely flag bit,
function code and value, are required to send a setting
instruction. The communication mode at this time is
determined by the flag bit, and then the function code and
value are written into the corresponding buffer.

4. Software Performance Test

(1) Operational validity test of the designed monitoring
software

In order to test the effectiveness of the visual
monitoring software for micro-drive debugging, this
experiment introduces a duty cycle indicator. The duty
cycle of the signal is the ratio of the time occupied by the
pulse to the total time during a period of continuous
working time. The higher the duty cycle, the higher the
effectiveness of the software. The monitoring signal is
tested by connecting to an oscilloscope. The main test
content is monitoring frequency and duty cycle. According
to the comparison between the measurement and the
setting value, it can be concluded whether the monitoring
signal performance meets the standard. This project is
designed to monitor if the frequency error range of 0.1%
within 200K is qualified. Since the initial frequency is set
to 500 Hz, the prescaler coefficient is automatically set to
divide by 4, so operate the divider function to change the
prescaler coefficient in different frequency ranges. Figure
7 shows the real-time waveform of the SO0Hz oscilloscope
measured by the oscilloscope.

Run

100ms

F:Frequency
D:Duty ratio

Figure 7. Monitoring signal waveform

The test of the monitoring waveform mainly focuses on
the change of the duty cycle at different frequencies.
Therefore, the design of the test data during the test is
shown in Table 1. Each set frequency corresponds to three
sets of duty cycle values, which can be clearly seen as high
the error of the duty cycle increases under the frequency
condition, which is consistent with the setting.
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Table 1 Monitoring signal waveform data

Set Read Set monitoring Read

monitoring  monitoring  duty cycle (%) monitoring duty

frequency frequency cycle (%)

(Hz) (Hz)

12 12 20.00, 50.00, 20.00, 50.00,
70.00 70.00

500 500 20.00, 50.00, 19.99, 49.99,
70.00 69.00

1000 1000 20.00, 50.00, 19.98, 49.98,
70.00 69.97

5000 4999 20.00, 50.00, 19.97, 49.88,
70.00 69.99

10000 9996 20.00, 50.00, 19.98, 49.98,
70.00 69.97

20000 19980 20.00, 50.00, 19.33,49.34,
70.00 69.75

30000 29970 20.00, 50.00, 19.05, 49.58,
70.00 69.99

40000 399300 20.00, 50.00, 19.90, 49.08,
70.00 69.17

50000 499000 20.00, 50.00, 18.76, 49.75,
70.00 69.73

module program, monitoring quadrature signal module
program and monitoring signal communication module
program. Through the connection between each module,
the monitoring accuracy is improved.

(3) Comparison of memory loss between different
monitoring software

Memory consumption (KB) was compared with the
monitoring software designed in References [5] and [6],
and the analysis results were shown in Table 2.
Table 2 Compares the memory consumption of different
monitoring software

Software Memory cost/kb
Software in this paper 156

Software in Reference [5] 3608

Software in Reference [6] 895

(2) Comparison of accuracy of different monitoring
software

The monitoring software is difficult to ensure that no
errors will occur during the running process. In order to
verify the effectiveness of the designed electromechanical
system micro-drive debugging and visual monitoring
software, the designed software is compared with the
design in Reference [5] and Reference [6]. The monitoring
accuracy rate of the micro-drive debugging monitoring
software is compared, and the comparison result is shown
in Figure 8.
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Figure 8 Comparison of monitoring accuracy of different methods

It can be seen from Figure & that the monitoring
accuracy of different monitoring software is different.
When the number of experiments is 100 times, the
accuracy of the designed monitoring software is 88.29%,
and the monitoring accuracy of the system designed in [5]
is 65.27%. The monitoring accuracy rate of the system
designed in [6] is 60.12%. Through data comparison, it can
be seen that the monitoring accuracy of the designed
monitoring software is much higher than other methods,
and the average accuracy of the designed monitoring
software is above 90%. It can be seen that the designed
monitoring software has certain superior performance.
Therefore, according to the characteristics of MEMS
system and the driving principle of micro actuator, this
paper designs the functional module of visual monitoring
software for micro actuator debugging. It includes
monitoring pause button module program, visual display

It can be seen from Table 2 that the memory
consumption in the monitoring process using the designed
system is relatively low. The memory consumption
generated by software in Reference [5] is the highest,
followed by that in Reference [6]. The experimental results
show that the difference between the memory cost of
Reference [5] and the memory cost of the designed
software is 3456 kb. The difference between the memory
cost of Reference [6] and that of the designed software is
739 kb. The lower memory loss effectively increases the
applicability of the visual monitoring software for micro-
drive debugging, and the application scope is wider. The
data obtained from the experiment show that the
applicability of the designed software is better than the
other three traditional electromechanical system micro-
drive debugging visual monitoring software.

(4) Test the packet loss rate of different monitoring
software with or without queuing

Packet loss rate refers to the ratio of the number of
monitoring packets lost in the monitoring test to the sent
data group. In this experiment, it is divided into queued
and non-queued cases. In the case of queuing for
debugging of multiple micro-drives, queueing is required.
In this case, visual monitoring requires better monitoring
ordering. If there is no queuing, there is only one micro-
drive debugging. The method in Reference [5] and the
method in Reference [6] were compared with the proposed
method, and the test results were shown in Figure 9.

020 F &= Methods in Reference [6]
EHFFFD Methods in Reference [5]
&= The proposed method

=

Packet loss rate/%

0 5 10 15 20 25 30 35 40 45 50
Time/s

Figure 9 Comparison of packet loss rate of different software
without queuing

In the case of queueing, three methods are adopted to
visually monitor the packet loss rate of micro-drive
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debugging. The comparison results are shown in Figure
10.

0.20 @20 Methods in Reference [6]
EEED Methods in Reference [5]
0.18 &= The proposed method
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Time/s

Figure 10. Comparison of packet loss rate of different software
under queued conditions

Packet loss rate can effectively evaluate the micro
actuators debugging visual monitor performance. It can be
seen through Figure 9 and Figure 10 that the experimental
results shown using this software to monitor the micro
actuators debugging packet loss rate were significantly
lower than the method of Reference [5] and the method of
Reference [6], the experiment of using this software in the
50 s in the packet loss rate lower than 0.02%, and in the
absence of any queue in case, having queued packet loss
rate is kept below 0.16%. The packet loss rate meets the
current technical requirements in this field, and ensures the
data integrity of the visual monitoring process of micro-
drive debugging, and verifies the monitoring reliability of
the software designed in this paper. The reliability in this
paper is the design software of the monitoring.

5. Conclusion

1. Electromechanical system drives are mainly debuted by
computers as upper computers, and multiple signal
sources need to be connected. Due to the uncertain on-
site environment, it is difficult to visually monitor their
operation status. Therefore, this paper designs a new
visual monitoring software for micro-drive debugging.

2. The Design of the functional modules of the visual
monitoring software for the micro-drive debugging,
includes the monitoring pause button module program,
the visual display module program, the monitoring
orthogonal signal module program, and the monitoring
signal communication module program.

3. Design software testing scheme. Select the material of
the micro-drive and set its structural parameters. The
designed software is used to monitor the debugging
results visually.

4. Test results show that the designed software has higher
accuracy, lower memory loss, ideal monitoring effect,
and can be widely used.
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Abstract

In order to ensure the normal operation of ship navigation and reduce the risk of ship longitudinal movement, a
quantitative assessment system of ship longitudinal movement risk based on Analytic Hierarchy Process (AHP) is designed.
Through the Beidou positioning module, external antenna, single-chip control module and power supply module, the
hardware part of the ship’s longitudinal movement risk quantitative assessment system is designed. Through the
determination of the ship’s longitudinal movement risk evaluation index, the analytic hierarchy process is used to determine
the speed, heading, sea condition and frequency. The relative importance of each risk index is evaluated, and the weight of
the evaluation index is calculated. On this basis, the ship was built. The quantitative model of ship longitudinal movement
risk assessment uses genetic algorithm to calculate the optimal solution of the parameters, establishes the risk assessment
interval, and determines the degree of risk. Using embedded Linux technology, the AHP-based quantitative assessment
system design for ship longitudinal movement risk is realized on the C/S client. The experimental results show that the
quantitative assessment system of ship longitudinal movement risk based on the analytic hierarchy process has high accuracy,
and can improve the confidence of the evaluation, shorten the evaluation time, and stabilize the frequency and speed of the
ship’s longitudinal movement.

© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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1. Introduction

Sea transportation has always been the most important
mode of transportation in world trade. The development of
shipping industry has a direct impact on the stability of the
global economy. With the rapid development of shipping
industry and navigation science and technology, ships are
developing towards large-scale, high-speed and
specialization, and the navigation density of ships is also
increasing. With the continuous improvement of
transportation efficiency, the shipping industry also puts
forward higher requirements for maritime navigation
safety. When a ship navigates at sea, it will produce rolling
motion with six degrees of freedom: pitch, roll, heave,
pitch, roll and yaw [1]. The disturbance of external
environment includes wind force, wave force and current
force, and its mechanism is very complex. Due to the risk
of longitudinal motion of the ship during navigation, the
wind will produce additional power similar to the random
walk process, and the waves will lead to additional high-
frequency oscillation of the bow to other degrees of
freedom, resulting in the motion deviation of the hull,
reducing the stability of the ship and leading to the
navigation of the ship. In order to improve the safety
management level of ship transportation, it is necessary to
quantitatively evaluate the ship navigation risk, so as to
predict the longitudinal movement risk in the process of
ship navigation in advance and take necessary safety
measures.

* Corresponding author e-mail: wjttk163@163.com.

On the basis of comprehensively considering the needs
of domestic inland river traffic safety management
departments and relevant laws and regulations, Zhang et
al. constructed an inland river ship navigation safety state
evaluation system based on Fuzzy evidential reasoning [2].
The risk levels of qualitative indicators are divided into
high, medium and low. According to the target
information, the fuzzy evaluation level distribution map of
quantitative indicators is constructed by using fuzzy
theory, and the fuzzy reliability distribution of evaluation
indicators at the index level is calculated. However, the
confidence of longitudinal motion risk assessment is low,
resulting in poor evaluation effect. Ma et al. proposed and
designed a ship navigation environment risk assessment
system based on Improved TOPSIS method [3]. A certain
channel section is selected as an evaluation example to
evaluate its navigation environment risk. Compared with
the evaluation results of entropy weight matter-element
model, the effectiveness and practicability of the system
are verified. However, the evaluation of the system takes a
long time, resulting in low efficiency. Jiang et al. analyzed
the influencing factors of ship navigation efficiency under
traffic conflict, and defined the delay time of waterway
traffic conflict, and put forward the concept of conflict
threshold [4]. By collecting the channel data of a “t”
intersection, a channel traffic safety evaluation system is
established, and the quantitative evaluation results are
obtained. However, the evaluation accuracy of the system
still needs to be further improved. Li et al. extracted
relevant data from the information of automatic
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identification system (AIS) and the evaluation index
system of multi-objective and multi-layer fuzzy
optimization theory [5], calculates from low level to high
level through the optimal relative membership vector
ranking, and selects the sea area with high navigation risk.
However, due to the need to process more data, the final
risk assessment efficiency is low. Bye and Aalberg
introduced the statistical analysis results of maritime
accident data and AIS data, to identify navigation related
accidents (grounding and collision) and can be used as risk
indicators [6]. The ships involved in the accident reported
in the accident database have been tracked in the historical
AIS records, and the data related to each ship have been
converted into variables to obtain the risk assessment
results. However, due to the long research data of the
system, the accuracy of the assessment results is
insufficient.

In order to solve the problems of the above-mentioned
system and to better ensure the safe navigation of ships in
the waters, this paper designs a quantitative risk
assessment system for ship longitudinal movement based
on the analytic hierarchy process. The use of this system
improves the efficiency of quantitative assessment of ship
longitudinal movement risks, and provides a basis for ship
navigation safety.

2. Hardware Design of Quantitative Risk Assessment
System for Ship Longitudinal Motion

The hardware structure of the system consists of
Beidou positioning module, external antenna, MCU
control module and power module, as shown in Figure 1.

2.1. Beidou Positioning Module

Through the external passive antenna, Beidou module
can receive the satellite signal in real time. After
processing and saving, it can generate navigation and
positioning data, and then output the navigation and
positioning data through the standard serial port according
to the relevant protocol. At the same time, the MCU
(Microcontroller Unit) reads the Beidou navigation and
positioning information through the standard serial port,
analyzes, processes and assembles the information, and
then forwards the packaging information through the
Beidou satellite system.

The system selects TM8620 Beidou positioning
module, which has built-in RNSs (Radio Navigation

Beidou Positioning Single chip
Module microcomput
er

Satellite System) & GPS (Global Positioning System)
module, which can receive navigation signals from RDSS
and RNSs/GPS satellites, ensuring the reliability and
accuracy of information receiving. The RDSS here is
equivalent to the Beidou first generation positioning
system, which belongs to active positioning. If you want to
locate, you need to apply first, and it mainly transmits the
alarm message information through the Beidou satellite
system; While the RNSs it mainly refers to the satellite
system including the Beidou II positioning system, which
is a passive and all-weather positioning system, that is, it
can obtain the ship position information without
application, and can receive the ship position information
according to the service frequency. TM8620 Beidou
positioning module is a module with transmission power
of 10 W and output of TTL (Time to Live) level. It has the
following main characteristics:

1. It has high integration, low power consumption,
positioning and short message communication
functions. It is very suitable for real-time and high-
precision positioning and speed measurement of mobile
carriers.

2. Small size, 54*60*8 mm, very suitable for the volume
design requirements of small alarm terminal.

3. The positioning accuracy is less than 15 meters, and the
speed accuracy is less than 1.0 m/s.

4. The mean time between failures (MTBF) is more than
5000 hours and the reliability is high.

5. The RDSS part of the interface protocol adapts to the
active 1/0 4.0 protocol and the RNSs part conforms to
the input and output statement format of the Taidou
navigation and positioning module.

6. The serial port can be directly connected with 3 V to 5
V logic level with RS-232 polarity standard without
level conversion circuit.

7. It has strong environmental adaptability and anti
multipath interference.

8. PA is built into the module, which modulates and
amplifies the 1-frequency signal, and then transmits it to
the external passive antenna.

9. RNSs & GPS module is built in the module, and LNA
(Low Noise Amplifier) is built into the RNSs part of
the module, which can realize the filtering of RNSs
frequency points and low noise amplification. Users
can directly connect to the passive antenna of RNSs
without external LNA. The principle block diagram is
shown in Figure 2.
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Figure 1. System hardware structure



© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 1 (ISSN 1995-6665) 143

LNA part

Baseband
processing part

P
Baseband
3(MHz i
iz | ! processing
| CLK chip

BPSK modulation signal

t

UART

Figure 2. Principle block diagram of tm8620 Beidou Positioning Module

According to the principle of TM8620 Beidou
positioning module, some important performance
parameters of TM8620 are set, as shown in Table 1.

Table 1. Performance parameters of TM8620

Input VSWR <20
Received signal sensitivity -127.6 dBm
Signal transmitting power >39 dBm
RDSS Carrier suppression >30 dBc
parameters Modulation phase error <3°
Positioning
accuracy

Positioning/communication .
(continuous 24

hours): <100 m

Input frequen int RNSS B1 +
put frequency po GPSLL1

Data update rate >1Hz
RNSS Horizontal position accuracy <5m
parameters . .

Vertical position accuracy <10m

Speed accuracy < 1.0 m/s

Capture sensitivity -144 dBm

2.2. External antenna

Based on the satellite model received by Beidou
module, and in order to improve the signal reception
strength, the external antenna is designed.

When selecting external antenna, in order to match
with TM8620 Beidou positioning module, at the same
time, considering the signal-to-noise ratio and gain of
antenna, TA-011 & GPS passive antenna is selected for
receiving