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Abstract—This paper presents the modeling and Model 

Predictive Controller (MPC) design  for an omni-directional 

robot during a single actuator failure. A fault estimation 

method is used to identify the actuator failure, and thereby, 

the kinematic model of the mobile robot is reformulated  to 

account for the fault. The controllability of the modified 

model during a single actuator failure is verified using Lie 

algebra.  Finally, in the event of unforeseen combinations of 

single actuator failures, a Nonlinear MPC is designed for 

trajectory tracking and obstacle avoidance. Simulation 

results are used to demonstrate the robustness of the system 

to actuator failure.   

 

Index Terms—Omni-directional robot, Actuator failure, 

MPC 

I. INTRODUCTION 

Autonomous Mobile Robots (AMR) have achieved 

increasing attention among researchers in recent decades 

owing to their applications in domains, such as 

manufacturing, military, and space exploration [1]. The 

omni-directional robot [2] is an AMR that can navigate in 

any direction by altering the velocity and direction of each 

wheel while maintaining its orientation. For efficient 

performance of an omni-directional robot in a constrained 

workspace, motion control algorithms for obstacle 

avoidance and robustness towards actuator failures is of 

utmost importance [4]. In this context, we envisage the 

application of control theory to build the mathematical 

model of the omni-directional robot in the presence of 

actuation faults. 

Identification and isolation of actuation fault may be 

done using either hardware, or analytical redundancy [3]. 

In [4], [5] and [6], fault isolation is based on hardware 

redundancy whereas [7] addresses fault isolation 

employing an additional gear mechanism. Hardware 

redundancy and extra mechanisms to accommodate 

actuator failure are not always feasible due to cost 

constraints. This necessitates the deployment of a fault 

isolation approach based on analytical redundancy [8]. It 

is based on the idea that an actuator failure reformulates 

the system dynamics by introducing a fault parameter 

matrix, estimated using an Extended Kalman filter (EKF).  
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Figure 1. Overview of the proposed approach 
 

 

Figure 2. Omni-directional robot: kinematics 

An NMPC is applied on this modified model to account 

for the actuation fault. Due to its capability to handle 

constraints, flexibility to changes in system dynamics, and 

application to nonlinear systems, NMPC is an effective 

tool for fault isolation [8], [9]. 

II. PROBLEM FORMULATION 

The proposed approach is depicted in Fig. 1. In this 

work, a three-wheeled omni-directional robot is used in an 

application environment to follow the waypoints with and 

obstacle avoidance while we explore the case of single 

actuator failure during trajectory tracking. A fault 

estimation method is used to evaluate the fault parameter 

matrix at each time step, and thus the actuator failure is 

identified. When one of the actuators fails, a non-

holonomic constraint is introduced, and the kinematic 

model is modified to account for the fault. Lie algebra [10] 

is used to prove the controllability of the modified 

nonlinear kinematic model of the omni-directional robot. 

Furthermore, we propose using an NMPC, whose model is 

updated based on the actuator failure and determines the 
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optimum solution in the presence of various actuation 

faults. 

III. OMNI-DIRECTIONAL ROBOT 

This section presents the description and kinematic 

model of the omni-directional mobile robot. The modified 

model during the actuator failure and the corresponding 

controllability also discussed. For an omni-directional 

mobile robot, the three omni wheels, separated by 120°, 

perform independent and simultaneous translational and 

rotational motions. 

A. Kinematic Model 

Kinematic model describes the geometric relationship 

between input and the system characteristics [11]. The 

kinematic model of the three-wheel omni-directional robot 

[12], [13] can be obtained as follows: 

Global coordinate frame [Xw, Yw]: The pose of the 

robot in global coordinate frame (see Fig. 2) is represented 

as: 

  (1) 

Moving coordinate frame [Xm,Ym]: A moving 

coordinate frame, with same origin as the global 

coordinate frame, is attached to the robot. The pose of the 

robot in moving coordinate frame (see Fig. 2) is 

represented as: 

                                                        
(2)  

The transformation from global coordinate frame to 

moving coordinate frame is, , defined as below: 

                                (3) 

The translational velocity of the mobile robot in global 

coordinate frame is   and angular rate is [11]. 

For , the total velocity of wheel 1 is defined as: 

            (4) 

Where L is the radius of the mobile robot and  is the 

global angle of first wheel. The first two terms of (4) 

represent the translational part and third terms represents 

the angular part.  Similarly, the velocities of second and 

third wheel can be obtained. 

        (5) 

               

Where ( ) and ( ) are the global angle of the 

second and third wheel, respectively. Hence, the inverse 

kinematics in global frame can be represented as: 

                     (6) 

                                 (7) 

Forward kinematics of the mobile robot can be obtained 

as:
  

                                                              (8) 

Where, J=S-1.  

Equation (8) holds for  . For  

, it can be rewritten as:
 

    (9) 

Where r is the wheel radius and  is the 

angular velocity vector of the robot. To obtain the wheel 

velocities in local coordinate, use , where is 

given by (3). 

B. Faults in Omni-directional Robot 

Various faults occur in an omni-directional robot due to 

failure of sensors, batteries, and actuators, etc. [14]. We 

believe actuator failure to be a critical fault, as the wheel 

velocities may become unreliable for subsequent trajectory 

tracking. During normal operation (with no actuator 

failure), the wheels are controlled by three independent 

actuators, and there are no constraints between (x, y, θ). 

However, the failure of one of the actuators introduces a 

non-holonomic constraint, and hence the kinematic model 

cannot be stabilized by continuous static feedback [10]. In 

this work we present four modes of operation of the omni-

directional robot based on the actuator failure: Mode 0: No 

actuator failure; Mode 1: Failure of first actuator; Mode 2: 

Failure of second actuator; and Mode 3: Failure of third 

actuator. 

Modified kinematic model and controllability analysis 

during actuator failure: In this work, we use the Lie 

algebra concept to prove the controllability of the 

nonlinear system during actuator failure. Assume that 

owing to actuator failure, third wheel velocity ( ) is zero 

(Mode 3), and hence, the kinematic model is modified as 

follows [10]: 

                   (10) 

The states and inputs of the modified kinematic model 

for Mode 3 operations are  and    

respectively. Thus, (10) can be represented in matrix form:  
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     (11) 

                        𝑞̇ ≝ 𝑋1𝜔1 + 𝑋2𝜔2                            (12) 

The Lie algebraic rank condition (LARC) [10] is used 

to prove the controllability of the nonlinear system in (12). 

If the Lie bracket of X1 and X2 is linearly independent of 

the other two directions, then the control inputs can find a 

motion along the new direction. Lie bracket of X1 and X2 

is defined as: 

        (13) 

The nonlinear system fulfills the LARC requirement 

because the new direction, X3, is linearly independent of 

X1 and X2. The linear independence of [X1 X2 X3] 

demonstrates that the nonlinear system (12) can be 

controlled even when actuator fails. This ensures that, even 

if actuator fails in one direction, the available control 

inputs may still generate motion in the other missing 

directions. Hence, 

               𝑠𝑝𝑎𝑛(𝑿1(𝑞), 𝑿2(𝑞), 𝑿3(𝑞)) 𝜖 ℝ3, 𝑞 𝜖 𝑆   (14) 

Where manifold S is defined as: 

                         𝑆 = {𝑞 ≝ (𝑥𝑤 , 𝑦𝑤 , ψ) ∈ ℝ𝟛}                 (15) 

IV. CONTROL DESIGN AND FAULT 

PARAMETER ESTIMATION

 

Subsequent to modeling the nonlinear system for the 

omni-directional robot, we design an MPC controller.
 
This 

section presents the
 
design of a nonlinear MPC controller 

for the case of single actuator failure by fault parameter 

estimation technique.
 

MPC for Nonlinear System:
 
The nonlinear

 
system

 
in (9) 

can be represented as:
 

                         𝒒(𝑘 + 1) = 𝑓(𝒒(𝑘), 𝒖(𝑘))                (16)
 

Where q(k) and u(k) denote the state and input vector at a 

time step, k, respectively. The control sequence
 
over the 

prediction horizon, Np

 
is given by:

 

              𝑼 = {𝒖(𝑘), 𝒖(𝑘 + 1), … , 𝒖(𝑘 + 𝑁𝑝 − 1)}    (17)
 

In MPC, a cost function is minimized over a finite 

prediction horizon, and only the first control input, u(k) of 

the control sequence, 𝑼
 
is applied to the system [9]. The 

standard cost function for the MPC [15]
 
is given as:

 

(18)

 

where r
 
is the vector representing the reference state. Q, R, 

and Qt

 
are the positive definite weighting matrices for the 

states, control inputs and terminal
 
state

 
respectively.

 

The constraints of the state and the control input of the 

system are given by: 𝒒(𝑘) ∈  𝕏  and 𝒖(𝑘) ∈  𝕌. Similarly, 

the constraints of the terminal state, 𝕏𝑡 , over a set is 

denoted as: 𝒒(𝑘 + 𝑁𝑝) ∈  𝕏𝑡  Where the set 𝕏 includes the 

entire state space and set  𝕌  consists of all the possible 

values of control input. The optimization problem solved 

over the finite horizon is given by: 

 

      𝒒(𝑘 + 𝑖) 𝜖 𝕏;   𝒖(𝑘 + 𝑖) 𝜖 𝕌;    𝒒(𝑘 + 𝑁𝑝) 𝜖 𝕏𝑡      (19) 

The superscript * denotes the optimized value. The 

optimization problem (19) can be solved by a dynamic 

programming approach [16]. At each time step, k, MPC 

generates an optimized input, u*(k) by solving the 

optimization problem given in (19). 

A. Modified MPC during Actuator Failure 

To model the actuation fault, the nonlinear system 

dynamics of the omni-directional robot given in (16) is 

modified [9], [17] as below:  

𝒒(𝑘 + 1) = 𝑓(𝒒(𝑘), 𝜸(𝑘)𝒖(𝑘))                  (20) 

Where γ(k) is the fault parameter matrix at time step, k. 

The value of γ(k) at each time step is estimated by 

identifying the actuator failure (refer subsection 1V-B). 

γ(k) is a diagonal matrix as shown below: 

                  𝜸(𝑘) = 𝑑𝑖𝑎𝑔(𝛾𝒋(𝑘) | 𝑗 = 1,2,3)                   (21) 

Where γj(k) represents the failure of jth actuator. Since we 

are not considering the partial failure of the actuator, γj(k) 

can be either 0 or 1. γj(k) =1 represents a healthy actuator 

and γj(k) =0 represents a faulty actuator. Hence γ(k) is a 

3x3 identity matrix for a perfect omni-directional robot 

(Mode 0). The optimization problem for the nonlinear 

MPC owing to actuator failure can be reformulated as: 

           (22) 

𝒒(𝑘 + 𝑖) 𝜖 𝕏;   𝒖(𝑘 + 𝑖) 𝜖 𝕌;   𝒒(𝑘 + 𝑁𝑝) 𝜖  𝕏𝑡 

 

Where the cost function, J(U,x(k)) is as shown in (18). 

B. Estimation of Fault Parameter Matrix 

Since the system under consideration is nonlinear, an 

EKF [19] based state estimator is employed to identify the 

actuator failure and thus to estimate the fault parameter 

matrix. EKF: The nonlinear model of the omni-directional 

robot in EKF [14] can be represented as: 

     𝒒(𝑘 + 1) = 𝑓(𝒒(𝑘), 𝒖(𝑘), 𝒘(𝑘))                 (23) 

𝒚(𝑘) = ℎ(𝒒(𝑘), 𝒗(𝑘))             
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Where, q(k) is the state vector, u(k) is the input vector, y(k) 

is the output vector, 𝑓(∙) and ℎ(∙) are nonlinear functions 

of state vector, and w(k) and v(k) are process and 

measurement disturbance vector used in the Kalman model 

respectively [14]. 

  

Figure 3. Estimation of fault parameter matrix 

Estimation of Fault Parameter Matrix: In this work, 

we employ a bank of EKFs to estimate the fault parameter, 

each using a distinct model [20] as shown in Fig. 3.  

KF-0 estimates the output, 𝑦̂0(𝑘) for the normal 

operating region (Mode 0), whereas, KF-j, j=1,2,3 

estimates the output, 𝑦̂𝑗(𝑘)  for actuator failure modes, 

Mode j. The models of omni-directional robot for Kalman 

gain estimation under different actuator failure conditions 

were as detailed in Section III-A. The model for KF-0 is 

the standard nonlinear model of the omni-directional robot 

as in (23) whereas, the model for KF-j is the modified 

model with 𝜔𝑗 = 0 in (23), which refers to the failure of jth 

actuator. At each instant of time, residual vector (𝒓𝑗(𝑘 +

1)) can be obtained as: 

                𝒓𝑗(𝑘 + 1) = 𝒚(𝑘 + 1) − 𝒚̂𝑗(𝑘 + 1)            (24) 

Where y(k) is the measurement vector and 𝒚̂𝑗(𝑘)  is the 

Kalman filter estimate at kth instant.  

Fault parameter identification module as shown in Fig. 

3 includes a hypothesis testing algorithm [18], [20], which 

utilizes the residuals obtained in (24) to assess the 

conditional probability and thus to estimate the fault 

parameter.  

The probability that the jth actuator fails, 𝑝𝛿𝑗 
assuming 

same fault probability for all actuators [14] is: 

𝑝𝛿𝑗 
(𝑘 + 1) =

𝑝(𝑦=𝑦(𝑘+1) | 𝛿𝑗,𝑦⃗ (𝑘))∙𝑝𝛿𝑗 
(𝑘)

∑ 𝑝(𝑦=𝑦(𝑘+1) | 𝛿𝑖,𝑦⃗ (𝑘))∙𝑝𝛿𝑖 
(𝑘)3

𝑖=0

         (25) 

Where 𝑦 (𝑘) is the sequence of final measurements defined 

as 𝑦 (𝑘) = [𝑦0, 𝑦1, . . . 𝑦𝑘]  and 𝑝(𝑦 = 𝑦(𝑘 +
1) | 𝛿𝑗, 𝑦 (𝑘)) refers the probability that the system can 

attain measurement data 𝑦 = 𝑦(𝑘 + 1) provided jth 

actuator fails, 𝛿𝑗  and last measurement in sequence is 

𝑦 (𝑘). 
At the instant of actuator failure (let jth actuator fail), the 

corresponding Kalman filter estimate of measurement 

vector (𝒚̂𝑗(𝑘)) and the actual measurement vector (y(k)) 

are very close to each other, resulting in a nearly zero 

residual vector (𝑟𝑗(𝑘)). As a result, the equivalent Kalman 

filter has a high conditional probability ( 𝑝𝛿𝑗 
(𝑘) ), 

suggesting the best fit with the real system. The 

conditional probability indicates the relative correctness of 

the various models of the Kalman filter. Based on this, the 

fault parameter estimation module identifies the mode of 

operation (Mode j), and the corresponding fault parameter 

(𝛾𝑗(𝑘)) is modified as zero, and the same is updated in 

NMPC as in (22).          

 

Figure 4. Trajectory tracking of the omni-directional robot under actuator failure 

V. EXPERIMENTAL VALIDATION AND CONCLUSION 

In this section, we have presented a set of results to show 

the efficacy of the proposed approach. Fig. 4 shows the 

trajectory tracking of the omni-directional robot under 

actuator failure. The red cross marks in the same figure 

indicates the waypoints (numbered 1 to 5), which define 

the reference path, and the green line indicates the path of 

the robot. The wheel speed trajectory during different 

modes of operation is shown in Fig. 5 (a) to Fig. 5 (d). Fig. 

5 (a) shows the case where there is no actuator failure, 

whereas Fig. 5 (b), Fig. 5 (c), and Fig. 5 (d) shows the case 

where first, second and third actuator fails respectively at 

some instant of time. To obtain the simulation results 

under actuator failure, a fault is induced at t=10s, and 

hence the wheel speed of the failed actuator drops to zero. 

The fault is identified by the EKF at t=15s since the 

corresponding residual reaches zero and conditional 

probability reaches maximum. The speed of the other 

wheels modifies accordingly for further trajectory tracking. 

The trajectory tracking with obstacle avoidance [4] 

together with actuator failure is shown in Fig. 6. The 

simulation results presented in this section validate the 
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usefulness of the proposed approach. For the future work, 

we would like to derive necessary theory for formation 

control of omni-directional mobile robots in an application 

environment. 

 

Figure 5. Wheel speed trajectory 

 

Figure 6. Trajectory tracking of omni-directional robot with obstacles 

CONFLICT OF INTEREST 

The authors declare no conflict of interest. 

AUTHOR CONTRIBUTIONS 

All authors contributed to the study conception and 

design. Material preparation, data collection and analysis 

were performed by Dinsha Vinod. Dr. PS Saikrishna 

supervised the research, supported in conducting 

experiments, and substantially reviewed and edited the 

manuscript. All authors read and approved the final 

manuscript. 

REFERENCES 

[1] M. B. Alatise and G. P. Hancke, "A review on challenges of 
autonomous mobile robot and sensor fusion methods," IEEE Access, 

vol. 8, pp. 39830-39846, 2020. 

[2] Moreno, E. Clotet, R. Lupiañez, M. Tresanchez, D. Martínez, T. 
Pallejà, J. Casanovas, and J. Palacín, "Design, implementation and 

validation of the three-wheel holonomic motion system of the 

Assistant Personal Robot (APR)," Sensors, vol. 16, no. 10, pp. 1658, 
2016. 

[3]  J. Korbicz, J. M. Koscielny, Z. Kowalczuk, and W. Cholewa, Fault 

Diagnosis, in Springer- Verlag, 2004, ch. 3. 

[4] G. C. Karras and G. K. Fourlas, "Model predictive fault tolerant 

control for Omni-directional mobile robots," Journal of Intelligent 

Robotic Systems, vol. 97, pp. 635–655, 2020. 
[5] D. Rotondo, V. Puig, F. Nejjari, and J. Romera, "A fault-hiding 

approach for the switching Quasi-LPV fault-tolerant control of a 

four-wheeled omni-directional mobile robot," IEEE Transactions 
on Industrial Electronics, vol. 62, no. 6, pp. 3932-3944, June 2015. 

[6] A. M. Alshorman, O. Alshorman, M. Irfan, A. Glowacz, F. 

Muhammad, and W. Caesarendra, “Fuzzy-based fault-tolerant 
control for omni-directional mobile robot,” Machines, vol. 8, no. 3, 

p. 55, Sep. 2020. 
[7] M. I. Jung, J. H. Kim, "Development of a fault-tolerant omni-

directional wheeled mobile robot using nonholonomic constraints," 

in Proc. International Journal of Robotics Research, vol. 21, no. (5-
6), 2002, pp. 527-539. 

[8] E. F. Camacho, T. Alamo, and D. M. de la Peña, " Fault-tolerant 

model predictive control," in Proc. 2010 IEEE 15th Conference on 
Emerging Technologies and Factory Automation, 2010, pp. 1-8. 

[9] H. A. Izadi, Y. Zhang, and B. W. Gordon, "Fault tolerant model 

predictive control of quad-rotor helicopters with actuator fault 
estimation," in IFAC Proceedings, vol. 44, no. 1, 2011, pp. 6343-

6348. 

[10] H. Michalska and F. U. Rehman, "Attitude stabilization of a rigid 
spacecraft in actuator failure mode," in IFAC Proceedings, vol. 30, 

no. 6, 1997, pp. 1551-1556. 

[11] G. Klančar, A. Zdešar, S. Blažič, and I. Škrjanc, In Chapter 2 - 
Motion Modeling for Mobile Robots, pp. 13-59, 2017. 

[12] C. Ren and S. Ma, "Dynamic modeling and analysis of an omni-

directional mobile robot," in Proc. 2013 IEEE International 
Conference on Intelligent Robots and Systems, 2013, pp. 4860-4865. 

[13] Ferma. [Online]. Available: https://www.ferma.com.tr/eng. 

403

International Journal of Mechanical Engineering and Robotics Research Vol. 11, No. 6, June 2022

© 2022 Int. J. Mech. Eng. Rob. Res



 

[14] F. G. Pin and S. M. Killough, "A new family of omni-directional 

and holonomic wheeled platforms for mobile robots," in Proc. IEEE                                       

Transactions on Robotics and Automation, vol. 10, no. 4, Aug. 1994, 
pp. 480-489. 

[15] C. Valdivieso and A. Cipriano, "Fault detection and isolation system 

design for omni-directional soccer-playing robots," in Proc. IEEE 
Conference on Computer Aided Control System Design, 2006, pp. 

2641-2646. 

[16] I. Mir, H. Taha, S. A. Eisa, and A. Maqsood, "A controllability 
perspective of dynamic soaring," Nonlinear Dyn, vol. 94, 2018, pp. 

2347-2362. 

[17] C. E. García, D. M. Prett, and M. Morari, "Model predictive control: 
Theory and practice—A survey," Automatica, vol. 25, no. 3, 1989, 

pp. 335-348. 

[18] T. Besselmann, J. Lofberg, and M. Morari, "Explicit MPC for LPV 
systems: Stability and optimality," IEEE Transactions on Automatic 

Control, vol. 57, no. 9, pp. 2322-2332, Sept. 2012. 

[19] A. Tang, Q. Cao, and C. Leng, "Fault tolerant control on omni-
directional soccer robot with motor failure," in Proc. 8th World 

Congress on Intelligent Control and Automation, 2010, pp. 6466-

6469. 
[20] J. Gao, Q. Zhang, and J. Chen, "EKF-based actuator fault detection 

and diagnosis method for tilt-rotor unmanned aerial vehicles," 

Mathematical Problems in Engineering, 2020. 
[21] G. Welch and G. Bishop, “An introduction to the Kalman filter,” 

University of North Carolina, Chapel Hill, NC, Tech. Rep. TR-95-

041, April 2004. 
[22] P. D. Hanlon and P. S. Maybeck, "Multiple-model adaptive 

estimation using a residual correlation Kalman filter bank," IEEE 

Transactions on Aerospace and Electronic Systems, vol. 36, no. 2, 
pp. 393-406, April 2000. 

 Copyright © 2022
 
by the authors. This is an open access article distributed 

under the Creative Commons Attribution License (CC BY-NC-ND 4.0), 
which permits use, distribution and reproduction in any medium, provided 

that the article is properly cited, the use is non-commercial and no 

modifications or adaptations are made.
 

 

 

 
Dinsha Vinod

 

received her post-

 

graduation 

from

 

College of Engineering, Trivandrum in 

Control Systems in 2017. She is currently a 
Ph.D. scholar in

 

Department of Electrical 

Engineering at IIT Tirupati,

 

India. Her 

research interests include systems and

 

control, 
robotics, computer vision, and distributed

 
computing systems.

 

 
 

Saikrishna PS
 
received the Ph.D. degree in

 

systems
 
and control with IIT Madras, Chennai, 

India. He is
 
currently an Assistant Professor 

with
 
the Department

 
of Electrical Engineering, 

IIT Tirupati, Tirupati,
 

India. His
 

current 
research interests include autonomic cloud

 

computing, distributed control of large
 
scale 

systems, and development of low cost training
 

simulators for process
 
plants.

 

 

 

404

International Journal of Mechanical Engineering and Robotics Research Vol. 11, No. 6, June 2022

© 2022 Int. J. Mech. Eng. Rob. Res

https://creativecommons.org/licenses/by-nc-nd/4.0/



