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Abstract: This paper proposes a tracking control method for a certain type of differential-drive wheeled mobile robot,
called automated guided vehicles (AGVs), using a continuous mode approach of sliding mode control (SMC). The SMC
applied produces a continuous signal in between the U and —U control signals instead of discrete ones. The controller
is applied to control the velocity and direction angle of the vehicle in order to keep it on a desired path. The obtained
algorithm is applied to the experimental system under load and disturbance to show its robustness. The experimental
results are satisfactory and verify the performance of the control algorithm.
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1. Introduction

The automated guided vehicle (AGV) was recently used in various applications, such as transportation, plan-
etary exploration, mining, and military operations. As AGVs have been increasingly used in a wide range of
applications, research in this area has attracted considerable attention over the past 2 decades. At the begin-
ning, to achieve accurate motion control, the designed controllers in most of the research were only based on a
kinematic model of the AGV [1-3]. However, in real-time applications, it is difficult to obtain a satisfied tracking
performance when only considering a kinematic model, when high-speed motion or heavy-load transportations
are required. Therefore, it becomes essential to consider the robot’s dynamics and its kinematics at the same

time.
As a solution, several nonlinear techniques have been used to integrate the dynamic controller with a

kinematic controller in recent years. Fuzzy-net control [4-6], neural control [7-9], dynamic feedback linearization
[10], back-stepping control [11-13], and adaptive control [14,15] have been used to solve trajectory-tracking
and robust control problems of AGV. Sliding mode control (SMC) has gained much attraction for machine
control applications [16,17]. SMC is a very effective approach for the solution of the problem due to its
robustness to parameter variations, easy implementation, fast dynamic response, and disturbance rejection
[18]. A comprehensive review of SMC was presented in [19-21]. It has been widely reported that SMC exhibits
unwanted motion, called chattering. This chattering is caused due to discontinuity of the control actions.

In this paper, a continuous mode of SMC (CMSMC) is applied to the experimental setup of an AGV.
The actuator dynamics with 2 wheels of the AGV are included in the system model. The experimental results
obtained demonstrate that the controller is robust to load changes and disturbances, and can follow command

trajectories very well.
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2. Design of the AGV

The differentially-driven AGV considered in this paper is depicted in Figure 1. It consists of a mobile platform
with 2 differential driving wheels mounted on the same axis and a rear free wheel to keep the platform stable.
The motion and orientation are achieved by independent actuators of the left and right wheels, e.g., DC motors

providing the necessary torques to the front wheels.

We can write the following kinematic differential equations from the motion equations of the vehicle [22]:

vp = R-wr, (1)
vy =R-wy, (2)

L ) (3)

Bl fon—wn), ()

e v=vocos (6)= % (wrtwi)eos (9) | (5)
%:vy:v-sin (qf)):g (wr+wr)sin (¢) , (6)

where L is the distance between the wheels and R is the radius of the wheel. vg and vy represent the linear
velocities of the right and left wheels, wgr and wy, are the angular velocities of the right and left wheels, and
v and ¢ are the vehicle linear velocity and the vehicle direction angle, respectively. v, is velocity component
in the z direction and v, is the velocity component in the y direction. The vehicle has 2 wheels on the front,
and each of the front wheels is independent and driven by a separately excited DC motor, through a gear box;
Figure 2 shows the simplified drive system.

Y
'y

FC
Figure 1. Vehicle model and its coordinate system. Figure 2. Drive system for each wheel of the vehicle.
The torque transferred from the motor to the gearbox can be written as follows:
d?0,, db,,
Ty = me + Bm? + TLoada (7)
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+n?By—=" 4+ nF (8)

Toa =n?
Load = 1" J2 = dt

e

m

where J,,, is the inertia, B,, is the friction coefficient, 6,, is the angle of rotation, n is the reduction ratio of
the gearbox, and F,. is the Coulomb torque constant. From Eqgs. (7) and (8):

d*0 do .

T = (Jp +12J5) dt;“ + (B, + nQBQ)E + nF.sign(0,,), (9)
_ Bn + n2Bs _ nk, _ 1 (10)
nl B J77L+n2<]2 ’ nz N Jm+n2J27 773 N Jm+n2J27
d*0 de *
= —= — nosi T.). 11
72 U 025191 (0m) + 13Tm) (11)

To represent the vehicle equation in the state space, we select the state vector as:

vR + v R °
Uz%z; (Wwrp+wp) 29=0 xz3=020. (12)
Next, the above equations, which describe the dynamics of the vehicle, can be written in a more convenient

matrix form as:

povrtv R (wr +wr), (13)
2 2
where
VR + v R 1 1
v = % =5 (wrp+wr) g2(x) = 731~ gple (14)
Thus, our system can be shown in the nonlinear matrix form as:
dz
B o f@)+ B, (15)
where u = [Tr T;]", f(z), and B are the matrices in Eq. (13).
3. The CMSMC
In general, a sliding surface (& ) is selected as shown below [21,22]:
e(x,t) =G (2" (t) —x(t)) = Ge =0 (t) — gq(x), (16)

where 0(t) = Gz" (t), €4 (x) = Gz(t), and z" are the reference state vectors and G is the slope matrix of the

sliding surface. To provide the Lyapunov stability criteria, the candidate Lyapunov function is selected as:

1
V= isTs, (17)

which is positive definite, and for the stability its derivative needs to be negative definite. This can be assured

if the time derivative of the Lyapunov function can be expressed as:

V = —eT Dsign (¢) < 0, (18)
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where D is a positive-definite matrix. Taking the derivative of Eq. (17) and equating it to Eq. (18), the

following equation is obtained:

—eT Dsign () = eTé. (19)

Using the plant equation, the expression for the derivative of the sliding function is obtained as:

de d) Oeq dz  di

By putting Eq. (20) into Eq. (19), the control input to the system can be found as:

u(t) = ey (t) + (GB) ™ Dsigne, (21)
where
walt) = ©B) (5 - 61 @) 2

Using Egs. (20) and (22), the derivative of the sliding function can also be written as:

— = GB(Ueqg — u). (23)

The equivalent control can be written in a different form, as given below:

_1d
teg(t) = u(t) +(GB) ' =, (24)
where u (t) does not change very much in a short time. For this reason, u (t — At) can be used instead of u ().

The estimation for equivalent control can be shown as:

_1d
Ueg(t) = u (t — At) + (GB) 1d—i. (25)
By putting Eq. (25) into Eq. (21), the last form of the controller can be obtained as:
-1 3 d€
u(t) =u(t —At)+(GB)  (Dsigne + %) (26)

It is well known that sliding mode techniques generate undesirable chattering that can be eliminated by replacing
the switching function with a continuous one in the sliding surface neighborhood, that is:

1 if E>p
sign(e) = ¢ — 1 ife < —p where p > 0, (27)
elp if el <p

and further simplification can be introduced by replacing de/dt with its first-order approximation in the discrete

time version:

de  e(k)—e(k—1)
i (28)
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Next, under these conditions, Eq. (26) can be expressed for arbitrary [—pp] as:

(GB)™!

u(k+1)=u(k)+ T

[TDe(k) + e (k) —e(k —1)]. (29)

The block diagram of the vehicle control system is shown in Figure 3, where v is the velocity and ¢ is the
direction angle response of the AGV. The control of the AGV is based on the control of the velocity and direction

angle. The controller uses the actual velocity, actual angle, and their reference values.

Vet ey Uy e
—> CMSMC AGV
@r ey Ug System

——> CMSMC |
+ ¢

Figure 3. Block diagram of the vehicle control system.

4. Experimental results

Velocity and direction angle control of the AGV is performed in order to validate the effectiveness of the proposed
CMSMC. The controller is applied on the AGV, which is shown in Figure 4, and developed in the Automatic
Control Laboratory to prove the algorithm experimentally. Its weight is 17 kg under load. It is equipped with 2
fast-response servo motors with incremental encoders counting 500 pulses/turn, speed reduction gear boxes, an
encoder interface card, a PC-DAQ, and analog motor driver circuits. The controller software is run on a 3.0-GHz

Pentium IV, using Windows as a real-time operating system, with online implementation of the CMSMC.

Figure 4. Laboratory experimental vehicle.

To validate the proposed controller, many experiments are conducted. Experimental results of the vehicle

system are shown in Figures 5-8. In the first experiment, the performance of the controller is tested for the
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references of a sinusoidal velocity and sinusoidal direction angle under a 17-kg load. The measured and reference
values of the velocity and direction angle, as well as errors of the velocity and direction angle, motor commands,
and trajectories, are presented in Figure 5. It can be observed that the measured velocity and direction angle
converge to the given references rapidly, the velocity and direction angle errors are profoundly reduced, the
reference and measured trajectories are almost the same, and additionally, the produced actuator commands
applied to the motor are continuous.
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Figure 5. Experimental results for sinusoidal references under the 17 kg load.
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Figure 6. Experimental results for the square-wave and sinusoidal references under the 17 kg load.
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Figure 7. Experimental results for sinusoidal references under the 17 kg load and instant disturbance.
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Figure 8. Experimental results for sinusoidal references under the 30 kg load and instant disturbance.

In the second case, a square-wave reference for the velocity is chosen. The square-wave reference is
important to test the performance of the control algorithm for step changes. Figure 6 demonstrates that the
proposed controller provides accurate tracking of the velocity and direction angle references. Both the reference
and actual trajectories are very close to each other.
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Finally, the controller is tested for an instant disturbance under the total loads of 17 kg and 30 kg, as
shown in Figures 7 and 8, respectively. Instant disturbances are applied at approximately 7 s in Figures 7 and
8. Moreover, it is shown in Figure 8 that the response of the proposed controller is good enough under both
the heavy load of 30 kg and instant disturbance. Furthermore, the controller adapts itself to the deteriorating
conditions to overcome the disturbance quickly and follows the reference perfectly, as shown in the graphs of the
voltage commands in Figures 7 and 8. It is also observed that the actuator commands have some oscillations
because the AGV is run on a rough surface. The peaks in the command voltage and errors at 5 s, in all of the
figures, originate from the change in the direction angle reference. It should be noted that the same peaks in

Figure 6 are also due to both velocity and direction angle changes.

5. Conclusion

A continuous mode approach of SMC is applied to an AGV with complex references, instant disturbance, and
extra load. The experimental results show that the proposed controller adapts itself to the changed conditions
and can respond quickly to control the actual velocity and direction angle of the vehicle system. It is observed
in all cases that the proposed controller provides good tracking performance and produces continuous actuator

commands.
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