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Abstract—This paper presents the development of a 

quadruped robot and introduces its trotting control algorithm. 

Dynamic control of a four-leg robot is not an easy task. Several 

attentions are required especially on the stability aspect. During 

trotting, the quadruped robot is supported only by its two 

diagonal legs. In this stage, the robot is unstable and easy to fall 

over. The instability becomes even worse with the presence of 

external and internal disturbances caused by the movement of 

legs or body of the robot. The stability of the quadruped robot is 

achieved by controlling its center of gravity (CoG) trajectory 

during trotting.  The joint trajectory is controlled using hybrid 

Proportional Integral Derivative – Iterative Learning Control 

(PID-ILC). The CoG position is controlled based on the trunk 

attitude. The experimental results reveal that PID-ILC needs 

only 10 iterations before it can follow the desired path. Trunk 

attitude is improved three times better by having small pitch and 
roll angle less than ±3.7 degree.    
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I.  INTRODUCTION 

Quadruped robot is a four-leg robot. It uses legs for 
locomotion instead of wheels. Research in leg-locomotion of 
mobile robot is still an interesting topic because of its unique 
advantages over the wheel robot [1]. Leg robot has good 
mobility in avoiding obstacles as well as during surmounting 
[2]. In natural terrain where there are many non-continue paths, 
leg robot has superior locomotion performance than the wheel 
robot.  

However, trajectory tracking and stability control of leg 
robot is still a challenge topic. A quadruped robot has static 
stability because of its four supporting legs [3]. As long as the 
center of gravity is inside robot’s supporting polygon formed 
by its legs, the robot is statically stable. However, motion with 
static balancing is considerably slow. To get faster motion the 
robot has to use dynamic gait pattern; such as trot, gallop, or 
bound. Dynamic gait pattern motion requires complicated 
dynamic control of the robot and good mechanical design. 
During dynamic gait pattern motion, the robot is more sensitive 
to disturbance in comparison to static balancing motion. 

II. KIEMATIC OF A QUADRUPED ROBOT 

A 12-DOF quadruped robot is developed at AIT. Each leg 
contains 3 degrees of freedom as shown in Figure 1. Based on  

 

 

 

the reference frames embedded at the joints of the robot, the D-
H parameters are given in Table1: 

TABLE I.  D-H PARAMETERS OF AIT QUADRUPED ROBOT 

Parameters links 

ai a1 a2 a3 

αi π/2 0 0 

di 0 0 0 

θi θ1 θ2 θ3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. D-H parameters of a leg of AIT quadruped robot 

The homogenous transformation matrices of the quadruped 

robot are obtained. 
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Therefore, the homogeneous transformation matrix that is 
used to transform coordinate of the foot reference frame to the 
shoulder reference frame can be represented by: 
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Where d = (x,y,z)T is  the foot position vector. 
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In order to get the joint angles from a foot position, an inverse 
kinematics of the quadruped robot is analyzed. Multiply (5) 
with      , multiply (6) with      , then subtract them. 


xsinθ1 – ycosθ1 = 0   
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Multiply (5) with      , multiply (6) with      , and use the 
trigonometric relationship. 
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Substitute 
)cos( 32  

 and 
)sin( 32  

 from (12) and 
(13) into (11). 

 
A.sinθ2 + B.cosθ2 = D. 
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From (14), 
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Equation (14) can be written as 
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From (11), 
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Substitute the value of 


and r in (20) and (21), 
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There are two answers of the solution depending on the 
mechanical constrains. 

From (12) and (13),    can be determined. 
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The joint angles ,21 ,
and 3 are derived from the known 

foot position 
,, yx
and z . 
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III. HARDWARE DESIGN OF THE QUADRUPED ROBOT 

 

The quadruped robot, designed and developed at AIT, has 
12 degrees of freedom and is actuated by 12 dc motors. Each 
leg contains 3 degrees of freedom. The hardware specification 
of the quadruped robot is provided in table2. 

TABLE II.  HARDWARE SPECIFICATION OF THE QUADRUPED ROBOT 

Specification value 

Length 400mm 

Width 281mm 

Height 285mm 

Weight 10,25kg 

Battery 12Vx2 

Degree of freedom 12DoF 

DC motor power 18Wx12 

 

The controller for the robot is divided into two levels: low 
level controller and the high level controller. The low level 
controller is used to control each joint in the legs while the high 
level controller is used to control the stability of the robot and 
to generate gait patterns. 

 

(a) 

 
(b) 

Fig. 2. D-H parameters of a leg of AIT quadruped robot 

All the controllers are implemented on Arduino controllers. 

The robot uses distributed control architecture for the low level 

controller. Six Arduino UNOs are used to control 12 DOF of 

the legs. The high level controller uses two Arduino MEGAs. 

One of the Arduino Mega is used as the gait generator, while 

the other is used for balancing control. The gait generator sends 

the gait commands to the joint controllers via UART, 

meanwhile the two Arduino MEGAs communicate each other 

using I2C. In balancing and attitude control, the robot uses a 

MEMS IMU consisting of 3-axis accelerometer and 3-axis 



gyroscope. The schematic diagram of the controller is shown in 

figure 3. 

 

 

Fig. 3. Schematic diagram of the controller of the quadruped robot 

 
Sinusoidal gait pattern is applied during the swing phase 

and linear gait pattern during the stance phase. Not every 

setting of the sinusoidal parameter provides good trotting 

performance for the quadruped robot. The important 

sinusoidal parameters are the amplitude (length of the step) 

and the frequency (speed of the step) of the gait pattern. These 

parameters affect the stability of the robot trotting. Higher 

frequency of trotting causes vibration in the robot. The length 

of the step relates the distance of the CoG shift. When the 

quadruped robot is trotting forward, its CoG is shifted 

forward. Six DoF IMU is used to measure the body attitude 

and fed to the controller for balancing control.  
 

During trotting, stability of the robot is monitored from the 

trunk attitude. The pitch and roll angles of the trunk are 

measured, then CoG of the quadruped robot is shifted 

according to these angles. If the trunk pitch angle is positive, 

head up, then the CoG will be shifted forward along the X axis 

in positive direction. The CoG will be shifted backward if the 

trunk pitch angle is negative, tail up. Along with the Y axis as 

well, the CoG will be shifted to the right if the robot tilts to the 

left, and vice versa. The new CoG position is determined 

during trotting and updated according to the trunk attitude. 
The detail of the algorithm is shown in figure 4, while block 

diagram of the control system is shown in figure 5. 

 

 
Fig. 4. Control algorithm for balancing during trotting: (a) Sagittal plane 

view, (b) Transverse plane view 

 
 

Fig. 5. Control block diagram of the quadruped robot 

After linearization, the new CoG position is determined using 

xoff = xoff +kx.θpitch 

yoff = yoff +ky.θroll 

where, 

xoff  : CoG offset in x direction 
yoff  : CoG offset in y direction 

θpitch  : pitch angle of the body (x direction) 

θroll  : roll angle of the body (y direction) 

 

Gait pattern for forward trotting is shown in figure 6 whereas 

gait pattern for right turning is shown in figure 7. 

 

 
 

Fig. 6. Gait pattern for forward trotting 

 
 

Fig. 7. Gait pattern for right turning 

Leg joints are controlled using a hybrid PID-ILC. ILC is a 

relatively new control technique used to improve input signal 

of the system that executes the same trajectory repeatedly. 

This technique is capable to improve the transient response 

and the tracking performance [4]. Normally, PID gains should 

be set to low values. High PID gains may cause vibration in 
the system, especially if the natural frequency of the system 

was not investigated properly. ILC is applied to adjust the 

manipulated control signal until the desired trajectory is 

achieved.  Control signal of ILC is determined from 
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This ILC control signal will be added to PID control signal. 

Thus, hybrid PID-ILC control signal is determined from: 
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The block diagram of the system is depicted in figure 8. 

where, 

uj  : ILC control signal 

kp : proportional gain 

kd  : derivative gain  

ki  : integral gain  

ej : error between desired and actual outputs (yd – yj) 

j : iteration number 

 

 
Fig. 8. Block diagram of hybrid PID-ILC [3] 

IV. EXPERIMENTAL RESULTS 

  Control performance of the leg joint controller is tested by 
sinusoidal gait pattern. Before applying ILC, the system has 
large steady-state error. However, the system is stable as shown 
in figure 9. 

 

Fig. 9. Response from PID controller 

After applying hybrid PID-ILC, the system is able to reach 

the trajectory set point after 10 iterations as shown in figure 

10. The phase different is due to the filtering of the output. 

The result shows satisfactory output with low steady-state 
error. 

 

Fig. 10. Response from hybrid PID-ILC 

At the beginning, big trajectory tracking error is observed. 

However after few numbers of iterations, the output of join 

angle can track the desired trajectory as shown in figure 11. 

 
Fig. 11. Trajectory tracking performance of hybrid PID-ILC 

By applying balancing control, the trunk attitude during 

trotting has less fluctuation. Figure 12 shows the trunk attitude 

without balancing control during trotting. Figure 13 shows the 

trunk attitude with balancing control.  

 

Fig. 12. Trunk attitude without balancing control, angle fluctuation ±11.4 deg 

 

Fig. 13. Trunk attitude with balancing control, angle fluctuation: ±3.7 deg 

V. CONCLUSION AND FURTHER WORK 

A quadruped robot has been developed at AIT. Dynamic 

walking was implemented via trotting gait pattern. The 

quadruped robot could successfully move forward, walk in 

place, and rotate to the right and to the left during trotting. The 
foot material was selected for proper damping. The damping 

softened landing impact. The CoG analysis and the gait 

pattern design were applied to stabilize the trunk attitude. The 

CoG shifting method improved the trunk attitude. Without 

balancing control, the pitch and roll angles are fluctuated 

about ±11.4 degree. However after applying the stability 

control, the angles were improved to only about ± 3.7 degree. 

 



In the further work, a push recovery control algorithm for 

the quadruped robot will be designed. This algorithm is used 

to prevent the robot from tip over when the external force 

(disturbance) is applied to the robot. 
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