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Abstract: In order to make a robot track a desired trajectory with high precision and steady gait,
a novel intelligent controller was designed based on a new mechanical structure and optimized
foot trajectory. Kinematics models in terms of the D-H method were established to analyze the
relationship between the angle of the driving joint and the foot position. Inspired by a dog’s diagonal
trot on a flat terrain, foot trajectory planning in the swing and support phases without impact were
fulfilled based on the compound cycloid improved by the Bézier curve. Both the optimized cascade
proportional-integral-derivative (PID) control system and improved fuzzy adaptive PID control
system were applied to realize the stable operation of a quadruped robot, and their parameters were
optimized by the sparrow search algorithm. The convergence speed and accuracy of the sparrow
search algorithm were verified by comparing with the moth flame optimization algorithm and particle
swarm optimization algorithm. Finally, a co-simulation with MATLAB and ADAMS was utilized to
compare the effects of the two control systems. The results of both displacement and velocity exhibit
that the movement of a quadruped bionic robot with fuzzy adaptive PID control systems optimized
by the sparrow search algorithm possessed better accuracy and stability than cascade PID control
systems. The motion process of the quadruped robot in the co-simulation process also demonstrates
the effectiveness of the designed mechanical structure and control system.

Keywords: quadruped bionic robot; kinematics; trajectory planning; PID controller; sparrow
search algorithm

1. Introduction

Quadruped robots have received extensive research because of their excellent stability
and carrying capacity [1,2], which are less complicated than the hexapod and eight-legged
robots [3,4]. These advantages lead to the acceptance of quadruped robots in various
working environments, both on rugged and flat ground [5]. The legs are the key component
determining the application performance of the quadruped robots. Therefore, many studies
have focused on the design of mechanical structure, gait planning, and motion control
algorithm to optimize the kinematic performance of the legs.

The mechanical structures of the legs of quadruped robots are mainly divided into
series and parallel forms. With respect to the study on the series structure of the robot’s
legs, Poulakakis et al. [6] developed telescopic column legs using springs to reduce weight
and inertia, but this led to a reduction in load capacity. Wensing et al. [7] constructed
articulated legs with offset-arranged joints to obtain a larger range of motion during the
movement of a robot. Li et al. [8] designed articulated legs using a two-link mechanism
composed of a hip flexion joint and a knee joint to simplify the mechanical structure. As
mentioned above, the robot’s legs of the series structure are simple and have a large working
space, but also have the disadvantages of low load capacity, complicated control systems,
and high cost. These shortcomings are usually addressed using parallel structural legs.
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Kau et al. [9] developed Stanford Doggo with the legs of a parallel four-link mechanism to
achieve eight-degree-freedom movement with high speed and load capacity performances.
Unfortunately, the two motors located in one joint resulted in reduced stability during
motion from friction. Simultaneously, a great deal of effort has been made to improve the
stability and rhythm of the gait. Methods of static stability margin (S5SM) [10] and central
mode processor (CPG) [11-15] were adopted to plan the gait of quadruped robots. In
particular, gait trajectory planning based on bionics methodology has recently become a hot
topic [16]. Moreover, a control strategy based on structure design also plays an important
role in completing the prescribed gait. A proportional-integral-differential (PID) controller
was used to control the robot motion with a predetermined, trajectory to achieve small
errors [17-20]. To ensure that the controller has acceptable performance, Shabnam et al.
used fuzzy systems, and these gains were adaptively tuned for the best performance of the
robot against uncertainties in system parameters, external disturbances, and measurement
noises [21,22]. However, the control system is complicated. Some more effective and novel
swarm intelligence optimization algorithms, such as the Particle Swarm Optimization
algorithm [23], Genetic algorithm [24], and Fruit Fly algorithm [25], have emerged for the
parameter optimization of a control strategy. Among them, the sparrow search algorithm
(SSA) [26] had fewer parameters and stronger robustness compared with other algorithms;
thus, it was used to optimize the controller in this study.

This paper aims to solve the problem of quadruped robot walking forward with low
accuracy and stability; thus, a quadruped robot with a new mechanical structure, optimized
foot trajectory and a novel intelligent control system was designed. The quadruped robot
was designed with a five-link leg structure to mimic a dog’s diagonal trot. Each leg was a
parallel five-link structure with two degrees of freedom, which leads to more even force
distribution on the mechanical structure and more carrying capacity. In addition, two joint
motors were used to drive two independent kinematic chains simultaneously to reduce
kinematic errors. To determine the relationship between the foot position and the angle of
the driving joint, the D-H method was used to analyze the kinematics model of the robot’s
leg. Foot trajectory planning was also completed for decreasing impact force of the robot in
the process of movement. Cascade PID controllers and fuzzy adaptive PID controllers were
designed according to the mechanical structure and motion form. These controllers were
optimized using SSA to find the optimal parameters. The performance of the two control
systems was compared through two MATLAB/ADAMS co-simulation experiments.

2. Materials and Methods
2.1. The Mechanical Structure and Kinematics Analysis
2.1.1. The Mechanical Structure

A parallel five-link quadruped robot with eight degrees of freedom was designed as
shown in Figure 1a. The leg structure illustrated in Figure 1b is a parallel five link with two
degrees of freedom, with a hip joint and a knee joint. The leg was driven by two brushless
DC motors located in the hip joint. Considering that quadruped robots have the same
motion mechanism between the four legs, which have the same running actions except for
time intervals, only the single-leg analysis was carried out in the kinematics analysis of the
robot leg structure.

Figure 1c displays the schematic diagram of the parallel five link with two degrees of
freedom. Ly, Ly, L3, L4 and Ls represent the link lengths. O;1 and O, are the hip joints of
the robot, and Oj is the position of the foot. The link coordinate systems are independently
established at the center of the frame and the joint of the two links.
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Figure 1. Model building of quadruped robot, (a) mechanism schematic of quadruped robot,
(b) model of quadruped robot with single leg, (c) single-leg kinematics model of quadruped robot.

2.1.2. Kinematics Analysis

The D-H method [27] was used to establish the kinematics model of the robot legs.
The relationship between the foot position and the angle of the driving joint was obtained.

The D-H method solves the various motion states of the joint when the robot foot
moves to the specified position, and it has a wider application range than the geometric method.

The reference coordinate system {XoOgZ,} was established at the center of the frame.
The ranges of angles between the two links shown in Figure 1c were 6; € [—180°, 0],
6, € [-180°, 0], 5 € [0, 180°], and 64 € [—180°, 0].

According to Figure 1c, the parameters of both the right and left branches are separately
exhibited in Tables 1 and 2.

Table 1. Right branch parameters.

Joint (Oq;) oy q/° L;/mm d;/mm 0;/°
1(Op) 0 —L1/2 0 )
2(02) 0 Ls 0 04
3(03) 0 Ly 0 —0,-0,

Table 2. Lift branch parameters.

Joint (Oq;) oy _q/° L;/mm d;/mm 0;/°
1(On1) 0 Li/2 0 6,
2 (O12) 0 Ly 0 03
3(03) 0 Ls 0 —0,-0,

In Tables 1 and 2, suppose that the current coordinate system is {i}:

«;_1: the angle of rotation {i — 1} from the position of Y;_; axis to the position of Y;
axis about X;_1 axis;

L;: the distance from the position of {i — 1} from the position of Y;_; to the position of
Y; along the X;_; axis;

d;: the distance from the position of {i — 1} from X;_; to X; along the Y; axis;

6;: the angle of rotation {i — 1} from X;_; to X; axis position about Y; axis.
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If the current coordinate system is {i}, when the coordinate system {i} is rotated and
translated to coincide with {i — 1}, the position of {i} in {i — 1} is described as:

fflT = Rot(x,a;_1)-Trans(a;_1,0,0)-Rot(y, 6;)-Trans(0,d;,0)

co 0 s6 ai_1
sw;_180  coaj_q1  —swj_qc0 dica;_q €))
| —cwj_150 sy caj_q1c0  dijsa;_q
0 0 0 1

where s6 represents sinf, and cf represents cosf, and these abbreviated forms are also
applied in the following context.

For the kinematics analysis of the right branch, the parameters in Table 1 are substi-
tuted into (1) to obtain each transformation matrix:

I C91 0 591 % i
0+ 0 1 0 0
=0 e 0 e 0 @)
L 0 0 O 1 ]
i C93 0 593 Lz T
11 0 1 0 0
T = —s63 0 c3 O ®)
| 0 0 O 1 |
c(01+63) 0 —s(61+63) Ls
12 0 1 0 0
T = 4
3 s(01+63) 0 c(61+63) 0 )
0 0 0 1

The transformation matrix of the coordinate system relative to the reference coordinate
system for each link is obtained as follows:

c(Br+63) 0 s(61+63) Loct + 5
0 0 11 0 1 0 0
T=7,T;;T = >
2t =nln —s(61+63) 0 c(61+63) —Lpso; ©
0 0 0 1
1 0 0 Lyc(6y +03) + Locty + 5
0 0 1112 0 10 0
3 1141213 0 0 1 —Lss(6+63) — Lasoy ©
000 1

In the model, the direction of the terminal coordinate system is consistent with that of
the reference coordinate system (without rotation); therefore, the transformation matrix
P of the terminal coordinate system with respect to the reference coordinate system is
shown (7).

1 0 0 Px
010 O

P= 0 01 Pz @
0 00 1
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According to the principle that the position matrix of the foot in the reference coordi-
nate system and the matrix of the terminal coordinate system ({X303Z3}) after coordinate
system transformation should be equal, (8)-(10) are established:

0 r—-1p -0 713
llT P_llT OT

37 _0 711712
{ P_OT B 11T12T3 T

0r—-1p -0 7-13

lZT P = 12T OT

Write Equations (11)—(15) according to Equations (8)—(10).

L
Px x (01 +0) = (5 x (61 +603) + ... Ly (02(91 4 05) — s2(0; + 93)) —0 (1)
L
Pz x c(61 +63) — (71 X s(014+603) +...... +Px x 5(6; +63) =0 (12)
L
szc@lfoxsé)lf?l><591:L3><593 (13)
Ly
L3C(91 + 93) + LycO3 + 5 = Px (14)
PxxcGl—szsel—%><c61:L3><c63+L2 (15)

The solutions of s6; and cf; within a certain range are obtained:

L 7.2
o ( 5L — Px + L31)3Zxx<:j—;z X m> %)

a4+ Pz x /b — L2
b
where, 2 = L1/2 x Ly — Px x Ly + Ly x L3, b = Px? —2Px x L1/2 —2Px x L3y + Pz> +
(L1/2)* 4 Ly x Ls + L32.
The double variable arctangent function is expressed as:

) = (17)

0, = arctan2(sf1, cf1), 61 € [—m, 7. (18)

The solution process of the left branch is exactly the same as that of the right branch;
thus, it will not be described here.
With the same approach, 6, could be expressed as:

:PZX (L5+\ﬁ)

56, e (19)
(Px+%5) x (Ls + Vo)
¢, = - (20)

wherec = —4 x Px2 —8 x Px x 5l — 4 x Pz + 52 —4 x (%)z,d = Px? +2 x Px x (%) +
2
P22+ (&)
Therefore,
0, = arctan2(sf,, ch>), 6> € [—m, 7. (21)

The angle of the driving joint is calculated in real time using (18) and (21) when the
geometric parameters of the leg mechanism and foot position are known, which lay a
foundation for the subsequent foot planning and control system design.
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2.2. Planning and Improvement of Foot Trajectory

The foot trajectory of a quadruped robot in a diagonal trot gait is planned and designed.
The zero-impact compound cycloid trajectory planning algorithm is applied, and it is
improved via the Bézier curve.

2.2.1. Foot Trajectory Planning

Aiming to minimize the impact forces when the support phase and the swing phase
exchange, the displacement and velocity curves should be smooth. Simultaneously, in
order to reduce the dragging phenomenon during the motion of the quadruped robot, a
compound cycloid is selected as the foot trajectory of a quadruped robot, which is described
as follows (22):

X =8|t — Lgin(2zxt
z- P[IT[% - ?1:1((;)%] @

where S is the step length, H is the foot height and T, is the time of swing phase.

2.2.2. Improved Trajectory Planning Based on Bézier Curve

In (22), S representing the stride length is set to 50 mm, H representing the leg lifting
height is 20 mm, and the periodic time of the swing phase is 0.5 s. The support phase was
acquired to move 50 mm in the X-direction. The results are presented in Figure 2a.
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Figure 2. Schematic diagram of motion curve decomposition and optimization of quadruped robot,
(a) zero-impact foot trajectories in the swing and support phases, (b) zero-impact displacement
trajectory before the improvement, (c) zero-impact velocity trajectory before the improvement,
(d) zero-impact displacement trajectory after the improvement, and (e) zero-impact velocity tra-
jectory after the improvement.

The trajectory cycle of the foot was set as 1 s. The velocity of the support phase
was initially designed such that it did not change with time on the premise of sufficient
displacement. As a result, the corresponding displacement curves of the foot are described
in Figure 2b, and the corresponding velocity curves of foot are illustrated in Figure 2c.

The curves of Figure 2b,c are smooth at 0-0.5 and 0.5-1 s, respectively, but the foot
speed value surges and the acceleration increase when the swing phase is exchanged into
the support phase, which leads to the foot receiving a large impact.
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A Bézier curve under the action of four points was used to improve the motion curve
of the support phase to maintain the stability of the robot.
The parameter form of Bézier curve is exhibited in (23).

B(t) = f( ’: >Pi(l — )i (23)

i=0

where Pi is the control point, and n is the number of control points.

The improved foot trajectory by Bézier curve is presented in Figure 2d,e.

The Bézier curve has many characteristics, such as recursion and geometric invariance,
which ensure the continuity and stability of the foot motion of a quadruped robot.

2.3. Control System

Superior controller design is an essential procedure to reduce the operational instability
of a joint motor. For this reason, two promising control systems including the cascade PID
control system and the fuzzy adaptive PID control system are designed and optimized,
respectively, in this section. Each control system requires eight controllers to complete the
planned actions.

2.3.1. Cascade PID Controller

A cascade PID controller is used to control the motor with closed-loop servo to rotate
the drive joint to rotate with a small error compared to the desired trajectory. The external
loop of the cascade PID controller is a position closed loop, and the inner loop is velocity
closed loop as presented in Figure 3. The output of the outer loop is the input of the
inner loop, and the inner loop sends control parameters to the motor, and the angular
displacement and angular velocity of the motor are separately sent to the external and
inner loops as feedback signals.

Figure 3. Cascade PID controller control block diagram.

The parameters for each cascade PID controller are manually determined based on the
characteristics of the control system before the robot system operation. The determined
parameters to the cascade PID controller are input before the robot system operation.
Therefore, the cascade PID parameters are not changed in the process of robot system
operation. The position closed loop and velocity closed loop have the same control structure,
and each cascade PID controller has six parameters, which are two proportional gains (k,),
two integral gains (k;), and two differential gains (k).

PID controller equation:

upip () = kpe(t) + Ky / e(t)dt + kpe(t) (24)
where e(t) is the error between the reference and actual values. The reference value is the
expected input value, and the actual value is the actual output response.

The parameters setting of the cascade PID controller directly affects the response of the
foot to control. Because the PID parameters are fixed in the system operation, the system
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operation will be easily interfered by external factors; further improvements are needed to
improve accuracy and stability.

2.3.2. Fuzzy Adaptive PID Controller

The fuzzy adaptive PID controller makes the parameters of the PID controller able
to adjust adaptively in the process of system operation, such that the control system has
higher precision to achieve the purpose of control. The control system block diagram is
illustrated in Figure 4.

e

Joint Motion| Xo
—>
control
Controller
kd

Inference engine
Defuzzification

VSRS S OSSO N SRR

Position feedback

Figure 4. Fuzzy adaptive PID controller control block diagram.

Each fuzzy controller has two inputs, the error ¢(f) and the rate of change of the
error ec(t). After the input is fuzzified, fuzzy reasoning is carried out by inference engine
according to the fuzzy rules, and the outputs of the fuzzy controller are obtained after the
value of fuzzy reasoning enter the defuzzification. The fuzzy controller has three outputs
to adjust the three parameters Ak, Ak; and Ak, respectively.

The quantification factor of the e(t) and ec(t) separately is K, and Ke.. K. and K
are empirically 1 and 0.5, respectively. The universe of discourse of inputs membership
functions is [—6, 6], and the universe of discourse of outputs membership functions is [0, 6],
The membership functions select seven language variables, {NL, NM, NS, ZE, PS, PM, PL}.
As exhibited in Figure 5, the triangular membership function is designed. The design of
fuzzy rules is visually shown in Figure 6.

10INL NM NS ZE PS PM P

o
()
(@)

degree of membership
o
o1

2

Figure 5. Membership function graph.

variable 4 6
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Figure 6. Schematic diagram of fuzzy rules: (a) fuzzy rule diagram of Aky; (b) fuzzy rule diagram of

Akj; (¢) fuzzy rule diagram of Akj.

2.3.3. The Optimization of the Controller

The SSA is adopted to optimize two control systems because of its fast convergence
speed and good accuracy. There are three species of sparrow individuals in the sparrow
population, namely discoverer, subscriber and watchman. The discoverers are responsible
for finding food and providing directions for subscribers. The subscribers are responsible
for tracking the discoverers and searching for food around them. The watchmen are the
sparrow individuals located in the periphery of the sparrow population, responsible for
monitoring the environment and issuing warnings.

First, the SSA parameters and all the candidate parameter groups are initialized as
listed in Table 3.

Table 3. Initialization parameters of SSA.

Parameter Names Parameter Values
population 100
number of iterations 100
proportion of discoverers 0.6
proportion of subscribers 0.4
proportion of watchmen 0.1

The matrix M of sparrow population initialization is established as (25):

X111 --- X1m
X21 -+ X2m

M= : : : (25)
xn,l oo Xnm

where M matrix represents the candidates of the control system, and n represents the total
number of candidate parameter groups. xi; represents the first parameter group, where
i={1,2,...,m}, xp; represents the second parameter group, wherei = {1, 2, ..., m}, x;
represents the nth parameter group, wherei={1,2,...,m}.

The fitness value of each sparrow is calculated as follows by designing the fitness

function:
f([ X1,1 xllm ])

f(L 21 oo xom ])

F= : (26)

F([ xn1 Xnm |)
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where F represents the fitness function matrix, and f represents the fitness value of
each sparrow.

Candidate parameter groups are arranged in ascending order in terms of the fitness
value after the fitness function values matrix of the parameter groups are obtained. Each
parameter group in the M matrix is input into the controller in this step.

The PID parameter values corresponding to each discoverer are obtained by the
following formula in the optimization process:

ij X +QL if Rp>ST @7)

g { Xflj'exp(—m) if Rp<ST
where t is the number of current iterations, and iten,,;, is the number of iterations of the
algorithm. « € (0, 1) is a random number. R; € [0, 1]. Q is a random number that follows a
normal distribution. L is a 1 X d matrix where all the entries are 1.

The parameter values of the PID controller corresponding to the subscribers are
described as:

Xwarst*X,tj

X1 _ Qexp(———1) if i>n/2 (28)
bl X?’l + ‘th,j — Xf)“ ‘ AL otherwise

where Xp is the parameter group with the highest order of fitness function, and X5t is the
parameter group with the lowest order of fitness function. A is the Xy,rst matrix in which
each element is randomly assigned to either 1 or —1, and A* = AT(AAT)~1.

The initial position of the watchmen is determined randomly, and the position update
in the iteration process is described as:

t t t
Xhest + B ‘Xi,j B Xbest

if fi>fg
th '7X1tvm‘s . (29)
Xt +K (W ) if fi=/fg

t+1 _
ij

where X, is the current global optimal position. p is the step-size control parameter.
K € [-1,1]. f; and f, are the first and last digits of the fitness function, respectively. ¢ is a
small constant that makes the divisor nonzero.

In the cascade PID control process, it is necessary to optimize six parameters of
cascade PID by SSA because manual adjustment of PID parameters is time-consuming and
laborious, and high precision cannot be achieved. The parameters optimized by SSA will
be input to the cascade PID controller before the robot operation; thus, the cascade PID
parameters remain unchanged during the robot operation. The proportion factor of the
fuzzy controller will directly affect the control precision of the fuzzy adaptive PID controller
in the control process. Therefore, it is novel and important to choose SSA to optimize the
proportion factor in this paper. The flow chart of the control system is shown in Figure 7.

Figure 8a exhibits the comparison among SSA—the moth flame optimization algo-
rithm (MFO) and particle swarm optimization algorithm (PSO) in terms of convergence
speed and optimization accuracy when optimizing cascade PID controller. Figure 8b shows
the comparison between SSA and other algorithms in terms of convergence speed and opti-
mization accuracy when optimizing the fuzzy adaptive PID controller. It is proven that SSA
has faster convergence speed and better optimization accuracy under the same conditions.

The optimization results of cascade PID controller parameters using three different
algorithms are shown in Table 4, and the optimization results of fuzzy adaptive PID
controller proportion factor are shown in Table 5.
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Figure 7. Flow chart of the controller parameters optimized using SSA.
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Figure 8. Convergence rate curve of the fitness of angular displacement during the optimization
process, (a) optimize the cascade PID controller, (b) optimize the fuzzy adaptive PID controller.

Table 4. Parameters factor optimization results of fuzzy controller.

Algorithm kpl ki1 ka1 kpz ki»

SSA 20.0000 1.2977 19.8444 5.7473 19.4983

MFO 20.0000 0.0245 20.0000 19.5924 20.0000

PSO 20.0000 0.0000 20.0000 19.2943 0.0149

Table 5. Proportion factor optimization results of fuzzy controller.
Algorithm Kuyp K,; K4

SSA 19.9936 20.0000 20.0000
MFO 19.5910 0.0000 20.0000
PSO 19.6313 0.0000 20.0000
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SSA has good performance in convergence speed and optimization accuracy compared
with other algorithms, which is proven by the above results.

Figure 9 demonstrates the comparison between the optimized fuzzy adaptive PID
controller and the optimized cascade PID controller using SSA for the desired trajectory.
The curve of the optimized fuzzy adaptive PID controller angular displacement is much
closer to the desired curve. It is proven that the fuzzy adaptive PID controller is much
better than the cascade PID controller in controlling the joint motor.

50} ~ — — Desired joint Angle
—— Cascade PID
Fuzzy adaptive PID

25}

PID output(deg)

0 200 400 600 800 1000
time(ms)

Figure 9. Comparison between the optimized angular displacement input curve and the desired curve.

3. Results and Discussions

The mechanical structure system and two control systems mentioned above were
simulated, and the simulation results were analyzed.

Figure 10 depicts the motion state of a single leg and the body for the quadruped robot
in forward motion. The red lines represent the left branch, and the yellow lines represent
the right branch. The trajectory was improved using the Bézier curve. The black and blue
dots represent the motion state of the body centroid and foot centroid, respectively. The
crowding level of the dots represents the speed value. A high crowding level indicates
low speed. The crowding level of the black dots represents the speed value when entering
the swing phase. Owing to the force of friction, the foot pushes the body forward as the
foot enters the support phase, and the crowding level of the blue dots represents the speed
value when entering the support phase. Figure 10 demonstrates that the quadruped robot
has a small impact during phase switching.

50

-150

0 30 70 100
X/mm

Figure 10. The optimized trajectory of a single leg in one gait cycle.

Subsequently, MATLAB and ADAMS were used to co-simulate the entire movement
of the quadruped robot in order to verify the effectiveness of the proposed mechanical
structure and control strategy. The input data are transmitted to the interface reserved in
ADAMS in the form of a function in MATLAB, and the running state of the quadruped robot
is observed in ADAMS in real time. In addition, the post-processing module of ADAMS
was used to monitor the robot’s foot trajectory, foot velocity, and joint angle in real time,
and the data were transmitted to MATLAB for numerical analysis. The simulation results
demonstrate the motion state and performance of the robot under different control systems.
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For the diagonal gait of the quadruped bionic robot, the state of the left front leg is
consistent with that of the right rear leg, and the state of the right front leg is consistent
with that of the left rear leg. Therefore, the simulation of the motion state of the left front
leg and left rear leg is sufficient to reflect the motion state of the four legs.

The actual motion of the quadruped robot controlled by the cascade PID controller
optimized by SSA and the fuzzy adaptive PID controller optimized by SSA is shown in
the figure. Figure 11 shows the foot displacement curves of the quadruped robot under
the control of a two-control system, and Figure 12 shows the foot velocity curves of the
quadruped robot under the control of a two-control system.

M Left front leg B Left rear leg
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Figure 11. Comparison of foot displacement before and after optimization: (a) foot displacement
curves in X direction cascade PID (1) and fuzzy adaptive PID (2); (b) foot displacement curves in X
direction cascade PID (1) and fuzzy adaptive PID (2).
Z300 &) 2100
E £
£ =
=150 2 0
8 3
B =100
0 2 3 4 5 0 1 2 3 4 5
- ‘ _ ‘ T ‘ —
gztso ?) Z 100 @ |
E 300} ] E
= =0
g150| g V
0 S-100f
0 2. 3 4 5 0 1 2 3 4 5
time(s) time(s)
(a) X direction (b) Z direction

Figure 12. Comparison of foot velocity before and after optimization: (a) foot velocity curves in X
direction cascade PID (1) and fuzzy adaptive PID (2); (b) foot velocity curves in Z direction cascade
PID (1) and fuzzy adaptive PID (2).

The simulation results demonstrate that the robot can walk forward using the cascade
PID controller. However, there is a large error during the combined motion of the four legs.
Furthermore, motors also have transmission errors, which worsen the situation. Because the
parameters of the cascade PID cannot change adaptively with the operation of the system,
there are some uncertainties in the operation of the robot. The errors become increasingly
larger with time, leading to a deterioration in robot stability. Consequently, the tracking of
the expected joint angle cannot be fully realized, resulting in a loss of system stability.



Appl. Sci. 2022, 12, 4358

14 of 16

(A)t=0.00s

Simultaneously, the simulation results also demonstrate that the fuzzy adaptive PID
has relatively strong adaptive ability in the quadruped robot to walk stably forward. The
swing phase moves 50 mm in the X direction in conformity with the desired trajectory
presented in Figure 2, and the support phase supports the robot body forward by 50 mm
owing to friction. Therefore, the foot moves forward 100 mm each time, except for the
first step, and the foot velocity also increases compared with the first step, as described in
Figures 11 and 12. The foot displacement and velocity under fuzzy adaptive PID controller
conform to the desired trajectory presented in Figure 2c,e. The superiority of the fuzzy
adaptive PID controller optimized by SSA in controlling the motion of the quadruped robot
was verified.

The simulation process using the cascade PID control system based on SSA to optimize
parameters in a complete gait cycle is presented in Figure 13, and the simulation process
using the fuzzy adaptive PID control system based on SSA to optimize the proportional
factor in a complete gait cycle is presented in Figure 14. The simulation results visually
demonstrate that the robot moves forward with higher stability under the fuzzy adaptive
PID control. However, the error of the robot movement becomes larger with time under
the cascade PID control, leading to an unstable movement. The movements of the four legs
are not completely consistent, resulting in the leg drive robot not walking in a straight line.

(B)t=1.25s (O)t=2.50s (D)t=3.75s (E)t=5.00s

Figure 13. Schematic diagram of simulation process using cascade PID control system in a complete
gait cycle.

(C)t=2.50s (D)t=3.75s (E)t=5.00s

Figure 14. Schematic diagram of simulation process using fuzzy adaptive PID control system in a
complete gait cycle.

4. Conclusions

A novel quadruped robot imitating a dog’s diagonal trot was developed in this
study. To solve the complex motion control problem of a quadruped robot, the mechan-
ical structure of the robot’s legs and the corresponding control strategy were designed
and optimized.

(1) The mechanical structure of the robot’s leg was designed using a parallel five link
with two degrees of freedom. The angle function of the leg joint was obtained using
the D-H method for kinematics analysis. Moreover, the phase switch with minimum
impact during the entire movement process was realized and verified.

(2) The cascade PID control system optimized based on the sparrow search algorithm
and the fuzzy adaptive PID control system optimized based on the sparrow search
algorithm are used to drive the quadruped robot, and the overall performance of the
two control strategies are compared in the simulation. The convergence speed and
accuracy of the sparrow search algorithm are verified by comparing with the moth
flame optimization algorithm and particle swarm optimization algorithm.
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(3) The fuzzy adaptive PID optimized based on the sparrow search algorithm has higher
precision and more stable control effect compared with the cascade PID control
optimized based on the sparrow search algorithm, which was demonstrated by co-
simulation using MATLAB and ADAMS. The simulation results also simultaneously
verified that the parallel five link with eight degrees of freedom quadruped robot and
its control system provided a reliable solution for the operation of a quadruped robot
and provided a reference for other related researchers.
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