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Abstract 
We study the problem of formation control and trajectory tracking for multiple nonholonomic 

mobile robots with actuator and formation dynamics. An adaptive neural-network (NN) control strategy that 
integrated kinematic controller with input voltages controller of actuator was proposed. A control law was 
designed by backstepping technique based on separation-bearing formation control structure of leader-
follower. The radial basis function neural network (RBFNN) was adopted to achieve on-line estimation for 
the dynamics nonlinear uncertain part for follower and leader robots. The adaptive robust controller was 
adopted to compensate modeling errors of NN. This strategy not only overcomed all kinds of uncertainties 
of mobile robots, but also ensured the desired trajectory tracking of robot formation in the case of 
maintaining formation. The stability and convergence of the control system were proved by using the 
Lyapunov theory. The simulation results showed the effectiveness of this proposed method. 
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1. Introduction 

There are several methodologies to robotic formation which include behavior-based [1], 
virtual structures [2],and leader-follower [3, 4] to name a few. Perhaps the most popular and 
intuitive approach is the leader-follower method. One characteristic that is common in many 
formation control schemes [5, 6] is the design of a kinematic controller to keep the formation. 
Which requires a perfect velocity-tracking assumption. Thus, where only velocity commands are 
treated, the stability of the formation is entirely dependent on the assumption that the robot 
perfectly tracks the designed control velocity. These controllers usually don’t consider the 
dynamic characteristics of the robot, and lack robustness to the disturbance and the model 
uncertainty, and there are still many uncertainties in the practical application, like the role of 
noise in the mobile robot, the disturbance, the friction and load changes, etc in some of known 
dynamic model. To ensure that the robots are tracking expected speed and make formation 
error converges to zero, single robot and formation dynamics should be considered. In literal [7], 
the dynamics of the follower robot are considered and a neural network (NN) is introduced to 
estimate its dynamics; however, the dynamical effects of the leader and the formation are 
ignored. Through the Backstepping method and state feedback controller in [8], the formation 
dynamics is introduced into the design of the control input, and mobile robots (including friction) 
formation were studied through the introduction of the multilayer feedforward neural network, 
but it does not consider the formation robot suffered disturbance and load change. In most of 
the research works for formation control of mobile robot with dynamic, wheel torques are control 
inputs though in reality wheels are driver by actuators (e.g. DC motors) and therefore using 
actuator input voltages as control inputs is more realistic. For the formation control problem of 
multiple nonholonomic mobile robots with actuator and formation dynamics, this paper 
presented a drive voltage adaptive control based on radial basis function neural network 
(RBFNN). 

The paper is organized as follows, section 2 describes the kinematic and dynamic 
model of WMR. In section 3, the leader-follower formation control problem is studied. Section 4 
presents numerical simulations, and section 5 gives conclusions. 
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2. Model 
The mathematical model of nonholonomic mobile robots is as follows [9]: 
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Where ( , , )Tx y q  denotes the actual Cartesian position and orientation of the physical robot, 

R is the distance between the driving wheels and r  is the radius of the wheel of the mobile 

robot, v  and   represent linear and angular velocities, respectively, and [ ]Tv V , the 

matrix ( )qM is a symmetric positive definite inertia matrix, ( , )q qC  is the centripetal and Coriolis 

matrix, B is a constant nonsingular matrix that depends on the distance between the driving 
wheels R  and the radius of the wheel r , d  denotes bounded unknown disturbances including 

unstructured unmodeled dynamics， F  is the surface friction, [ ]T
r lu uu , where ru  and lu  

represent input voltage of right and left wheel motor respectively， d  is the distance from the 
rear axle to the front of the robot. 
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Where m  is the mass of the WMR， I  is the moment of inertia of the WMR about its center, X
is the generalized velocity around the driving wheel speed relationship matrix, 2

1 /T b aa N K K R
and 2 /T aa NK R  as parameters, N  is the gear ratio， TK  is the torque constant， aR  is the 

motor resistance， bK  is the velocity constant. 

 
 
3. Leader-follower Formation Control 

The two popular techniques in leader-follower formation control include separation-
separation and separation-bearing， the later is used in this paper. Figure 1 shows the relative 
distance ijl  of two leader-follower robot system by nonholonomic constraints. The goal of 

separation-bearing formation control is to find a velocity input such that [4]: 
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Where ijl  and ij  are the measured separation and bearing of the follower robot with ijdl  and

ijd  represent desired distance and angles respectively. 
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Figure 1. Leader-follower Robot System 
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3.1. Tracking Control of Leader-follower 
To complete separation-bearing formation control, single-robot control frameworks such 

as [10] were extended to leader-follower formation control. Then, a reference position at a 
desired separation ijdl  and bearing ijd  for follower j  with respect to the rear of leader i  was 

defined, and the kinematic error system was found to be [8]. 
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Where ij i j    ， jr  is reference orientation, satisfy the following equation: 

 

2 2( cos( ) sin( ) ) /jr i ijd ijd ij i ijr j j jl v k e d                                                                (5) 

 

Where [ , ]ijr i jr        , ijl  and ij  are defined as follows: 
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Where j ij ij    , the differential equation of (4) as follow: 
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Where jd ijd ij    , 1 2 3, ,j j je e e  represent pose tracking deviation of leader-follower system, v  

and   represent linear and angular velocities, respectively; the subscript i , j  represent the 

leader and the follower, respectively. jd is the distance from the rear axle of follower to the front 

of the robot. 
In order to stabilization kinematic system, so that the follower robot j  has reached the 

position and orientation with respect to the leader i , the speed control input of the following 
have been proposed in [8]:  
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Where 1 2 3[ ]T

j j j jk k kk is a vector of positive constant. 

Assumption 1. Follower j  is equipped with sensors capable of measuring the separation 

distance ijl  and bearing ij  and that both leader and follower are equipped with instruments to 

measure their linear and angular velocities as well as there orientations i  and j . 

Assumption 2. Wireless communication is available between the thj  follower and  thi  leader 

with communication delays being zero. 
Assumption 3. The thi  leader communicates its linear and angular velocities as well as its 
orientation to its thj  follower. 

Assumption 4. The reference linear and angular velocities measured from the leader i  are 
bounded. 
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3.2. Formation Adaptive Control 
Define the velocity tracking error as：  
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Based on backstepping thought, the error dynamics (7) can be transformed into: 
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Where 32 sin( / 2) cos( ( ) / 2)j i j i jr jv e      , Derivative of the formula (9), and in the equation 

ends multiplied by M ，And in the formula right end subtraction, add 1 jca BXV ，  
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and I  are variable. In order to make the followers tracking the reference trajectory and speed, 
and stabilization system (11) in the origin, In accordance with the principle of feedback 
linearization, the ideal controller *

ju  may take for: 
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Using robust compensation term approximation error, we can get new controller is as follows: 
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Where, j


 is the estimate of j . 

Theorem 1. Given kinematic equation of (1) and dynamic equation including actuator dynamics 
of (2) for follower j ，along with the leader follower criterion of (3)， leader-follower formation 
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model (6). Letting Assumption 1-4 hold, we select the speed control input (8),  the drive voltage 
controller (15), the neural network weights update law (16), (17), and parameter adaptive law 

(18). Then je , jce , j
W  and j  which are the position, orientation, velocity tracking errors, and 

the NN weight estimates as well as robust gain deviation for follower j  are UUB, therefore, the 

robot formation system is asymptotically stable. Robot formation system is locally asymptotically 
stable. 
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3j is parameter adaptive law gain. 
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Take the derivation for (19) and substitute (10), (15)-(18) in jL , we can obtain: 
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Obviously through the selection of parameters can ensure the former four item of jL  is 

negative, therefore:  
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1 ( ) 0T
j j jc jc jc j jL a      e BXe e                                                                             (25) 

 
Then define the following term: 
 

1 2( ) ( )T
j jc jc j j jc jp t a L     e BXe e                                                                       (26) 

 
Because 2jL  is non-increasing and bounded, we can obtain: 

 

2 20
( ) ( (0), (0)) ( ( ), ( ))

t

j jc j j jc jp d L L t t      e e                                                               (27) 

 
Also, because p  is bounded, it can shown that lim ( ) 0

t
p t


  by Barbalat’s Lemma. We 

have lim ( ) 0jct
t


e . Through the auxiliary speed control input (9) can guarantee pose deviation 

jeq  are close to zero. Therefore, through the parameter design, you can ensure that pose 

deviation 
jeq , speed tracking error jce , neural network weights estimation error 1j

W , 2j
W , 
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completes the proof of the theorem. 
 
3.3. Leader Control Structure 
Assumption 5. Leader tracks the virtual robot trajectory. 
Assumption 6. The formation leader is capable of measuring its absolute position via 
instrumentation like GPS so that tracking the virtual robot is possible. 

The kinematics and dynamics of the formation leader i  are defined similarly to (1) and 
(2) respectively. From [10], the leader tracks a virtual reference robot, and the control velocity 

icV  can be defined as follows: 
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Where, ( 1, 2,3)ibk b   is a positive constant. 

Defining the error system for leader i using similar steps for follower j : 

 

1

2

ic
ic ic i

ic

e

e

 
   
 

e V V                                                                                                  (29) 

 
The input voltage control for leader i can be defined similarly to follower j ’s as follow: 
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Theorem 2. Given kinematic equation of (1) and dynamic equation including actuator dynamics 
of (2) for leader i , letting Assumption 5-6 hold, we can select kinematic speed controller 
(28)， the drive voltage controller (30), the neural network weights update law (31), (32), 

parameter adaptive law (33). Then ie , ice , i
W and i  which are the position, orientation, velocity 

tracking errors, and the NN weight estimates as well as robust gain deviation for leader j  are 

UUB, therefore, the leader robot system is asymptotically stable.  
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The proof is similar to theorem 1, slightly. 
 
 
4. Results and Analysis 

The general structure of the mobile robot formation adaptive control including drive 
dynamics is shown in Figure 2. A wedge formation of three identical nonholonomic mobile 
robots is considered where the leader’s trajectory is the desired formation trajectory and 
simulations are carried out in MATLAB. A simple wedge formation is considered such that 
follower j  should track its leader at separation of 2ijdl  meters and a bearing of 120ijd     

depending on the follower’s location, and the formation leader is located at the apex of the 
wedge. The following robotic parameters are considered for the leader and its followers: 

0.153mR  , 4N  , 2aR  , 0.2bK  , 0.5Tk  , 4kgm  , 22.5kgmI  , 0.03mr  , 0.25md  . 

The change of mobile robot’s loads causes the change of parameters when the time of running 
lasts for five seconds: 6m  kg, 24kgmI  . Under both scenarios , unmodeled dynamics are 

introduced in the form of friction as： 1 2 3 4[ ( ) ( ) ]Tsign v v sign       F ，where iμ (i = 1, 4)

varied between 0 and 1 for each robot. The suffered external disturbance of the mobile robot in 
the system is 0.1 [sin( 8) sin( 8)]T

d t t    . Assuming uncertainties of the load changes, 

friction, and external interference in the formation of each robot. The following parameters are 
used for the controllers: 

Leader i : 1 12ik  , 2 11ik  ， 3 6.65ik  ， 1 0.01i  ， 2 0.01i  ； 3 0.01i  ； follower j : 

1 5jk  ， 2 5jk  ， 3 15jk  ， 1 0.01j  ， 2 0.01j  ， 3 0.01j  .  

RBF neural network modeling uncertain part of the leader and followers take the same 
parameters, as follows: the number of hidden units is taken as 7. The values of the center c  of 
Gaussian basis function are selected as the uniform according to interval 5. Variance   is 
taken as 8, the rest of the initial values are 0. Original position deviations of leader take form 
[1 0 / 4]pi .  

Divided into the following two cases simulation study: the first case, formation leader 
with the following speed, angular velocity and orientation tracking part of the right-angled 
trajectory: 
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Figure 2. The General Structure of the Mobile Robot Formation Adaptive Control Including Drive 

Dynamics 
 

 

Figure 3. Triangle Formation Tracking Angle 
Trajectory 

 

Figure 4. Trajectory Tracking of Triangle 
Formation 

Figure 5. Tracking Errors of Relative 
Orientation from Follower to Leader 

 

Figure 6. Tracking Errors of Relative Distance 
from Follower to Leader 

The triangle formation on the right angle trajectory tracking of nonholonomic mobile 
robots is shown in Figure 3. The second case, formation leader tracking the trajectory of an S-
type, in accordance with the following speed and angular velocity. 
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The triangle formation on the S-shaped trajectory tracking of nonholonomic mobile 
robots is shown in Figure 4–Figure 6. 

From Figure 3 and Figure 4, we can find that the algorithm is able to overcome many 
kinds of uncertainty factors in the system, and can better to achieve the tracking control of the 
reference trajectory. With reference to Figure 5 and Figure 6 can be seen that the follower robot 
and the leader robot can quickly reach the desired relative distance and relative orientation. 
Even in the case of the leader angular velocity suddenly reverse the formation through a brief 
correction, relative distance and relative orientation of the deviation of the follower and leader 
can quickly approaches zero, which maintains the desired formation for completing the 
trajectory tracking control. The results show that, at the same time existing load change, friction 
and external interference, the algorithm of a nonholonomic mobile robot formation trajectory 
tracking control is effective. 
 
 
5. Conclusion 

We studies the formation control problem of multiple nonholonomic mobile robots 
including actuator. This control law was designed by backstepping technique based on 
separation-bearing formation control structure of leader-follower. Robots in the formation 
(including the leader and followers) are the presence of all kinds of uncertainties such as load 
changes, interference and friction. A wedge formation of three identical nonholonomic mobile 
robots is considered, and simulations are carried out in MATLAB. The simulation results showed 
the effectiveness of this proposed method. This method not only solved the problem of 
parameters and non-parameter uncertainties of mobile robots, but also ensured the desired 
trajectory tracking of robot formation in the case of maintaining formation. The algorithm can 
also be used for single nonholonomic robot and other types of formation control, such as 
wedge, horizontal or vertical formation. For the dynamics parameters of the drive which is 
unknown will be the content of the further study. 
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