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Then, an adaptive estimation routine is proposed in order to identify the robot dynamic parameters with high accuracy and in finite
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the structure of a real mobile robot system is established to implement in the simulation. The simulation results demonstrate the

effectiveness of the proposed approach for identifying the mobile robot dynamic parameters.

Manuscript received: June 28, 2014 / Revised: March 16, 2015 / Accepted: March 25, 2015

1. Introduction

Wheeled mobile robots (WMRs) are becoming increasingly

important in advanced application in fields such as manufacturing,

medicine, and health care. In literature, the control research for

nonholonomic WMRs has been centered on stabilization and tracking

problems. Most proposed control algorithms rely on the kinematic

model with nonholonomic assumptions such as backstepping,1 pure

pursuit,2 neural networks,3 neural fuzzy,4 and linearization.5 These

algorithms completely neglect the robot dynamics. The control inputs,

usually motor voltages, are assumed to instantaneously establish the

desired robot velocities, known as perfect velocity tracking. In the case

of heavy WMRs with good performance, however, the above

assumption is no more valid in reality. In order to overcome this

problem, some control schemes based on a full dynamic model have

been proposed so far by accounting for dynamic effects caused by

mass, friction, and inertia.6-10 The control performance of the dynamic

based controller has been shown to be better than that of the

kinematics-based controller. Despite the better performance could be

achieved, these algorithms mainly rely on an accurate physical

dynamic model that is difficult to obtain in practice. Moreover, WMRs

sometimes have to handle unknown payloads, which can cause changes

in the location of the center of gravity, the mass, and the inertia of the

system. In order to apply successful high performance control

NOMENCLATURE

oxy  = Global coordinate system

OXY = Coordinate system fixed to the mobile platform

Op  = Mass center of the WMRs without wheels and rotors

Ow1,2 = Center of mass of the left and right wheel

Or1,2 = Center of mass of the left and right rotor

Ip = Moment of inertia of the mobile platform about O1

Iwm = Moment of inertia of the wheel about its diameter

Iw = Moment of inertia of the wheel about its rotation axle

Im = Moment of inertia of the rotor about its diameter

Ir = Moment of inertia of the rotor about its rotation axle

kr = Gear reduction ratio

mp = Mass of the WMRs without wheels and rotors

mw = Mass of each wheel

mr = Mass of each rotor

a =Distance from O to Ow1,2

b =Distance from O to contact point of wheel and ground

(dx, dy) = Position of Op with respect to OXY coordinate

(cx, cy) = Position of Or1,2 with respect to OXY coordinate

r = Wheel radius

θ = [θR, θL]
T = Angular displacement vector of wheels

η = [η1, η2]
T = Angular velocity vector of wheels
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algorithms, the accurate estimates of the robot dynamic parameters are

required.

The dynamic parameters also play a key role in fault detection and

diagnosis in WMRs. In many applications, it is important not only to

control a robot tracking a reference trajectory with high performance

but also maintain robotic performance at a high level of safety and

reliability. Because most of WMRs are designed to act autonomously,

any faults can cause serious damage to both the robotic system and the

working environment. The fault problems in WMRs have been

investigated in many papers.11-13 In references14,24  the authors proposed

a novel method to detect and isolate WMRs process faults by taking

into account the robot dynamic model. The sensitivity of that fault

diagnosis mostly depends on the accuracy of the estimated dynamic

parameters. If the dynamic parameters with high accuracy are applied,

the system is able to detect and isolate faults earlier. Hence, the effect

of a fault on a robot system will be reduced.

In recent years, various effective algorithms have been proposed to

identify dynamic parameters in robotic systems. These identification

techniques can be classified into two approaches: inverse dynamic

identification model (IDIM)15,25,26 method and output error (OE)15,27,28

method. The IDIM method is based on the inverse dynamic model,

which is linear with respect to the dynamic parameters. This allows the

use of the linear least-squares technique to estimate the parameters.

This method has been successfully applied to identify inertial and

friction parameters of industrial robots. However, this method requires

a well-tuned derivative band pass filtering of joint positions in order to

calculate the joint velocities and accelerations. The OE method is based

on the minimization of the quadratic error between an actual output and

a simulated output of the system, assuming that both the actual and

simulated systems have the same input. The difficulties in this method

arise from the choice of initial conditions, resulting in multiple or local

solutions. Both the IDIM and OE methods only show the efficiency in

the offline process due to the computational complexity. The sensitivity

of joint accelerations with noise is also a reason why the IDIM method

is impossible in online processes. In WMRs, online identification of

dynamic parameters can be critical for system performance when an

unknown payload must be addressed. In Ref. 16, the authors present a

mutual information based observable metric for the online dynamic

parameter identification of mobile manipulators. The simulation and

experimental results show the effectiveness of their algorithm.

However, the results still depend on the assumption that the

accelerations are measurable.

In the present paper, a novel approach is presented for the online

dynamic parameter identification of WMRs. First, the kinematic and

dynamic model of WMRs is obtained based on the assumption of pure

rolling motion and Lagrangian formulation. The effects of the mass and

inertia of the electric motors are also taken into account. It is worth

noting that the result of the inertia matrix is a constant positive definite

symmetric matrix. With this notable result, the direct dynamic model is

arranged according to linear relations resulting in a nonlinear system

with linear parameterized of dynamic parameters. There have been

many contributions in parameter estimation of linear parameterized

nonlinear systems.17-19 In this paper, the novel parameter estimation

routine18 is applied with some modifications. The estimation results are

guaranteed under the presence of modeling uncertainties and external

disturbance. It is helpful to note that there is no need for acceleration

measurements in this approach. In order to verify the proposed

approach, a virtual platform is built up based on Solidworks and Matlab

SimMechanics software.20,21 First, the WMRs is designed and assembled

using Solidworks 3D CAD software. The robot dynamic parameters

can be obtained with high accuracy by analyzing the assembly robot

model. Then, the virtual prototype is generated by importing the

assembly model from Solidworks into Matlab Simulink/SimMechanics.

The simulation results based on the generated virtual prototype show

that the developed approach is very effective for identifying the robot

dynamic parameters.

This paper is organized as follows: In Section 2, the robot kinematics

and dynamics are described. In Section 3, the proposed algorithm for

online dynamic parameter identification is presented in detail. The

virtual prototype based on Solidworks/SimMechanics is given in

Section 4. The simulation results are shown in Section 5. Section 6

contains the research conclusions.

2. Kinematic and Dynamic Models of The Wheeled Mobile

Robot

In this section, we briefly describe the modeling of the WMRs used

in our paper. First, the kinematic model is derived based on the

assumption of the pure rolling motion of each wheel. Then, the

dynamic model is formulated by using the Lagrangian formulation.

The geometric model of a differential-drive WMRs is shown in Fig.

1. This WMRs has two drive wheels and two ball caster wheels. Each

drive wheel is driven by an actuator (electric motor) and is sensed by

an incremental encoder. The effect of the ball castor cannot be modeled

exactly and will be treated as un-modeled dynamic disturbances. In

many papers, in order to simplify the dynamic model, many

assumptions are made as follows. 1) The effects of motor gearbox mass

and inertia are neglected. 2) The mass center of the platform is in the

geometric symmetric line of the platform.

Fig. 1  Differential-driven WMRs
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3) The mass center of the wheel coincides with the contact point

between the wheel and the ground from the top view. These

assumptions do not hold in reality, especially when WMRs have to

handle the unknown payloads. In this paper, we consider the general

case of WMRs when these assumptions are removed.

The configuration of the WMRs can be described by five

generalized coordinates: q = [x, y, φ , θR, θL]
T where X = [x, y, φ]T are

the Cartesian coordinates of O and the robot’s orientation with reference

to the o-xy frame and θ = [θR, θL]
T is the angular displacement vector

of the wheels.

2.1 Kinematic model

We assume that the WMRs has pure rolling motion. The velocity of

O must be in the direction of the axis of symmetry OXc and the wheels

do not slip. Thus, the three following constraints are assumed

(1)

(2)

(3)

The constraints Eqs. (1)~(3) can be rewritten as

(4)

Where

(5)

Let S(q) be a full rank matrix formed by a set of smooth and linearly

independent vector fields spanning the null space of A(q) so that

A(q)S(q)=0

S(q) can be selected as

(6)

The kinematic model of the WMRs is given by

(7)

where η = [η1 η2]
T = [ ]T is the vector of the angular velocities

of two wheels.

2.2 Dynamic model

With the Lagrangian formulation, the equation of the motion of the

WMRs is given by:

(8)

where M0(q) is the symmetric positive definite inertia matrix, V0(q, )

is the centripetal and Coriolis matrix, F0( ) is the vector of the friction

force,  represents the unknown disturbances, B is the input

transformation matrix, τ is the torque input vector, and λ is the vector

of the constraint forces. The details of the matrices M0(q) and V0(q, )

are shown in Appendix 1.

In order to eliminate the constraint matrix AT(q)λ, we differentiate

Eq. (7), substitute that result into Eq. (8), and then multiply by ST. We

obtain the resulting dynamic model described by

(9)

Where

(10)

(11)

(12)

(13)

(14)

with

and 

where Ip is the moment of inertia of the mobile platform about O1, Iwm

is the moment of inertia of the wheel about its diameter,Iw is the

moment of inertia of the wheel about its rotation axle, Irm is the moment

of inertia of the rotor about its diameter, Ir is the moment of inertia of

the rotor about its rotation axle, kr is the gear reduction ratio, mp is the

mass of the WMRs without wheels and rotors, mw is the mass of each

wheel, mr is the mass of each rotor, a is the distance from O to Ow1,2,

b is the distance from O to contact point of wheel and ground, (dx, dy)

are the position of Op with respect to OXY coordinate, (cx, cy) are the

position of Or1,2 with respect to OXY coordinate, r is the wheel radius.

The friction term in Eq. (9) is of the form22

(15)

where Fv and Fd are the coefficient matrices of the viscous friction and

the dynamic friction terms, respectively.

Assumption 1: The friction is uncoupled among the joints. Since

friction is a local effect, so that the viscous friction and dynamic

friction are assumed to have the following forms, respectively
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(16)

(17)

where Fvi, Fdi (i = 1, 2) are constant friction coefficients.

Assumption 2: Each element of the unmodeled dynamic disturbance

is bounded by

(18)

where τBi > 0 (i = 1, 2) are bounded known constants of the unmodeled

dynamic disturbances.

Remark 1: M is symmetric, positive definite and independent of the

state vector and its derivatives.

Remark 2: After eliminating the kinematic constraints, V still depends

on , but this dependence can eliminated by using the following

relationship .

3. Dynamic Parameter Identification

In this section, an online algorithm for identifying the robot dynamic

parameters is presented in detail. Based on the inverse dynamic model

in Section 2, the direct dynamic model is obtained and arranged in the

linear form of the dynamic parameters. Then, an adaptive estimation

routine is proposed to estimate the dynamic parameters.

The WMRs dynamic model can be represented in the following form

(19)

where  is assumed to satisfy a known upper bound

. 

By inserting Eqs. (15)~(17) into Eq. (19), we obtain

(20)

where m2×2 = M-1 is the inverse of the inertia matrix with the

corresponding elements as follows

;

;

We consider the online identification process of the following base

dynamic parameters

(21)

These parameters play an important key in both robot control8 and

robot fault diagnosis.14 If the estimated high accuracy parameters are

applied, the tracking control performance will be much improved. The

method of using neural networks,7,9 fuzzy,10 and sliding mode23 methods

to track the robot dynamics is no longer needed. In the fault diagnosis

field,14,24 the sensitivities of the fault detection and isolation thresholds

are also improved. The fault will be detected and isolated earlier and

the damage caused by the fault can be reduced. However, the parameters

in Eq. (21) cannot be estimated directly. In the following process, the

algorithm is proposed in order to estimate the intermediate parameters.

The estimate of the base parameters in Eq. (21) can then be obtained

from the estimated results of the intermediate parameters.

The dynamic model in Eq. (20) can be rearranged in the linear

parameterized form as follows

(22)

where θ1, θ2 are the vectors of the intermediate parameters with the

corresponding elements as follows

(23)

(24)

and the g(η, τ)1×7 is a known smooth vector as

(25)

Here, we assume that the robot wheels move only in the positive

direction so that sgn(η1)=1 sgn(η2)=1. Thus the number of intermediate

parameters is decreased and the computation time is also reduced. The

parameters θ1, θ2 are assumed to lie inside a max-min region defined

by [ , ].

The following parameter adaptation is proposed18

(26)

where ,  is a parameter estimate generated by the update law ,
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Since ϑ is the unmodeled disturbances, the estimate of ξ is generated

by

, (30)

In order to prove the auxiliary error  are bounded, let's

consider the following Lyapunov function

(31)

The time-derivative of  is given by

(32)

This implies that  if . Since  by

definition, then the auxiliary error is bounded by . This can

be set arbitrarily small by selecting a suitable k.

Let Γ be generated from

, (33)

The inverse of Γ can be obtained by

, (34)

The following update laws are proposed

(35)

(36)

The initial condition for the parameter estimate (t0), (t0) can

be set arbitrarily in the max-min region [ , ]. In this paper, we

select the initial condition by using the nominal values of the parameters.

The update laws in Eqs. (35)~(36) guarantee that the estimate

parameters are always in the max-min region [ , ].

Theorem 3.1: Consider the dynamic model Eq. (22) and the

parameter adaptation Eq. (26). Let w be the output of the auxiliary filter

Eq. (28). The update laws are given in Eqs. (35)~(36) together with the

strong condition that

(37)

Then, the estimate parameters ,  converge to a neighborhood

of the true values.

Proof: Consider the following Lyapunov function
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Substituting Eqs. (34)~(36) into Eq. (39), we obtain
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we can conclude that the estimate parameters ,  converge to a

neighborhood of the true values.

4. Solidworks/SimMechanics-based Platform Design

In order to show the reality of applying the proposed algorithm

proposed in Section 3, a virtual prototype with the same structure as real

mobile robot system is established for implementation in the simulation.

That virtual prototype is based on Solidworks/ SimMechanics.21 The

modeling process is summarized in the following steps:

Step 1: Establish the 3D CAD model of the WMRs system in
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Fig. 2 3D mobile robot model established in Solidworks

Table 1 Mobile robot parameters

Parameter
Nominal

Value

True

Value
Parameter

Nominal

Value

True

Value

Ip (kg.m2) 4 4.98 mr (kg) 0.05 0.0442

mp (kg) 55 60.90 Irm (kg.m2) 1e-05 3.74e-05

dx (m) 0.15 0.1781 Ir (kg.m2) 1e-6 1.24e-06

dy (m) 0 0.0119 cx (m) 0.05 0.075

Iwm (kg.m2) 0.025 0.03755 cy (m) 0.08 0.107

Iw (kg.m2) 0.05 0.0738 kr 100 100

mw (kg) 4 4.98 r (m) 0.16 0.16

a (m) 0.23 0.2286 b (m) 0.23 0.23
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sensors, and payloads) are shown in Fig. 2. Solidworks also supports a

special tool to verify the dynamic parameters of each component and

the whole robot platform. The results of process  verification are shown

in Table 1.

Step 2: Download the SimMechanics link plug-in from Mathworks

official website, and install it in Solidworks;

Step 3: Save the Solidworks drawing models established in Step 1

as an XML file.

Step 4: Import the XML file into the Simulink environment.

Geometry from the CAD assembly is saved as geometry files and

associated with the proper body in SimMechanics as shown in Fig. 3.

The mass and inertia of each part in the assembly are also imported as

a rigid body in SimMechanics as shown in the right-bottom of Fig. 4.

Step 5: Add joint actuators, sensors, and viscous and dynamic

frictions to the model. Some scopes are also added to measure the

actuation and simulation of the model.

The details of Steps 2, 3, and 4 can be found in the official

Mathworks website.

5. Simulation Results

This section presents the simulation results in order to show the

effectiveness of the proposed algorithm. The mobile robot is controlled

Fig. 3 Virtual prototype of the mobile robot in Matlab/Simulink

Fig. 4 Mobile robot model in Simulink

Fig. 5 Mobile robot trajectory

Fig. 6 Torque input and velocity output
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in order to track a sinusoid by using backstepping method.8 The

nominal dynamic parameters shown in Table 1 are used in the computed

torque controller. The sampling time is set as T = 1(ms). The frictions

are included by setting the corresponding coefficient in the Simulink

model as shown in Fig. 4. The friction coefficients are included as Fv =

diag(0.01, 0.015) and Fd = diag(0.045, 0.04). The initial values of the

intermediate parameter estimates are chosen based on the nominal

values as shown in Table 2. The constants parameters in the parameter

adaptation are set as k = 1 and α = 5000.

The trajectory used in the identification must be carefully selected

in order to improve the convergence rate. Such a trajectory is known

as a persistently exciting trajectory. In this paper, the WMRs is controlled

to track a sinusoidal trajectory as shown in Fig. 5. The simulation results

demonstrate that the sinusoidal trajectory is suitable for identifying

robot dynamic parameters. The torque inputs and velocity outputs are

shown in Fig. 6. It can be seen that the velocities of both wheel is

always greater than zero, so that sgn(η1)=1, sgn(η2)=1. As mentioned

in Section 3, if the above conditions are satisfied, the computation time

is reduced.

The estimated errors of the intermediate parameters are shown in

Fig. 7. It is observed that the estimated errors converge to zero in finite

time. Hence, we can conclude that the estimated values of intermediate

parameters converge to true values. Additionally, it is concluded that

the estimated values can be used to obtain the dynamic parameters with

high accuracy. The final estimated results of the intermediate parameters

are shown in Table 2, where the nominal values are obtained based on

our knowledge of the robot system, the true values are obtained with

the Solidworks software. The estimated results of the dynamic

parameters can be deduced from the intermediate parameters using Eqs.

(23)~(24). The final results are shown in Table 3 with the estimation

errors close to 0.1%.

6. Conclusions

In this paper, a novel approach for identifying the dynamic parameters

in WMRs has been developed. Based on the linear parameterization of

the dynamic parameters in the direct dynamic model of the WMRs, an

adaptive estimation routine has been proposed to estimate the dynamic

parameters without requiring the measurement of the acceleration vector.

A virtual prototype based on Solidworks SimMechanics provides an

excellent tool to verify the proposed algorithm. The simulation results

are given in detail to confirm the effectiveness of our proposed method.

ACKNOWLEDGEMENT

This work was supported by Research Fund from University of Ulsan.

REFERENCES

1. Kanayama, Y., Kimura, Y., Miyazaki, F., and Noguchi, T., “A Stable

Tracking Control Method for an Autonomous Mobile Robot,” Proc.

Fig. 7 Estimated error of the intermediate parameters

Table 2 Estimated results of the intermediate parameters

Parameter
Nominal

Value

True 

value

Estimated 

Value

Error

(%)

θ11 0.923 0.798475 0.798614 0.017

θ12 0.229 0.246692 0.246115 0.234

θ13 0.147 0.167752 0.167936 0.110

θ14 0.037 0.051828 0.051752 0.147

θ15 0 0.007985 0.007985 0.000

θ16 0 0.002467 0.003696 0.135

θ17 0 0.041807 0.045775 0.055

θ21 0.229 0.246692 0.246116 0.233

θ22 0.923 0.754828 0.754931 0.014

θ23 0.037 0.051828 0.051754 0.143

θ24 0.147 0.158583 0.158748 0.104

θ25 0 0.002467 0.002461 0.243

θ26 0 0.007549 0.011326 0.026

θ27 0 0.040061 0.041268 0.065

Table 3 Estimated results of the dynamic parameters

Parameter
True

value

Estimated

Value

Error

(%)

Inertia Matrix

m11 0.798475 0.798614 0.017

m12, m21 0.246692 0.246116 0.234

m22 0.754828 0.754931 0.014

Vc 0.210090 0.210279 0.091

Viscous Friction
Fv1 0.010 0.009999 0.014

Fv2 0.015 0.01501 0.050

Dynamic Friction
Fd1 0.045 0.044992 0.020

Fd2 0.040 0.039997 0.010



1092 / JUNE 2015 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 6

of IEEE International Conference on Robotics and Automation, Vol.

1, pp. 384-389, 1990.

2. Ollero, A. and Heredia, G., “Stability Analysis of Mobile Robot Path

Tracking,” Proc. of IEEE/RSJ International Conference on Intelligent

Robots and Systems, Vol. 3, pp. 461-466, 995.

3. Yuan, G., Yang, S. X., and Mittal, G. S., “Tracking Control of a

Mobile Robot using a Neural Dynamics based Approach,” Proc. of

IEEE International Conference on Robotics and Automation, Vol. 1,

pp. 163-168, 2001.

4. Hu, Y. and Yang, S. X., “A Fuzzy Neural Dynamics based Tracking

Controller for a Nonholonomic Mobile Robot,” Proc. of IEEE/ASME

International Conference on Advanced Intelligent Mechatronics,

Vol. 1, pp. 205-210, 2003.

5. Kim, D. H. and Oh, J. H., “Tracking Control of a Two-Wheeled

Mobile Robot using Input-Output Linearization,” Control

Engineering Practice, Vol. 7, No. 3, pp. 369-373, 1999.

6. Bugeja, M. K. and Fabri, S. G., “Multilayer Perceptron Adaptive

Dynamic Control for Trajectory Tracking of Mobile Robots,” Proc.

of IECON 32nd Annual Conference on IEEE Industrial Electronics,

pp. 3798-3803, 2006.

7. Bugeja, M. K., Fabri, S. G., and Camilleri, L., “Dual Adaptive

Dynamic Control of Mobile Robots using Neural Networks,” IEEE

Transactions on Systems, Man, and Cybernetics, Part B: Cybernetics,

Vol. 39, No. 1, pp. 129-141, 2009.

8. Fierro, R. and Lewis, F. L., “Control of a Nonholonomic Mobile

Robot: Backstepping Kinematics into Dynamics,” Proc. of the 34th

IEEE Conference on Decision and Control, Vol. 4, pp. 3805-3810,

1995.

9. Fierro, R. and Lewis, F. L., “Control of a Nonholonomic Mobile

Robot using Neural Networks,” IEEE Transactions on Neural

Networks, Vol. 9, No. 4, pp. 589-600, 1998.

10. Hou, Z. G., Zou, A. M., Cheng, L., and Tan, M., “Adaptive Control

of an Electrically Driven Nonholonomic Mobile Robot Via

Backstepping and Fuzzy Approach,” IEEE Transactions on Control

Systems Technology, Vol. 17, No. 4, pp. 803-815, 2009.

11. Ji, M. and Sarkar, N., “Supervisory Fault Adaptive Control of a

Mobile Robot and Its Application in Sensor-Fault Accommodation,”

IEEE Transactions on Robotics, Vol. 23, No. 1, pp. 174-178, 2007.

12. Ji, M., Zhang, Z., Biswas, G., and Sarkar, N., “Hybrid Fault Adaptive

Control of a Wheeled Mobile Robot,” IEEE/ASME Transactions on

Mechatronics, Vol. 8, No. 2, pp. 226-233, 2003.

13. Halder, B. and Sarkar, N., “Robust Fault Detection and Isolation in

Mobile Robot,” Fault Detection, Supervision and Safety of Technical

Processes, Vol. 6, No. 1, pp. 1407-1412, 2006.

14. Hoang, N. B., Kang, H. J., and Ro, Y. S., “Fault Detection and

Isolation in Wheeled Mobile Robot,” Intelligent Computing

Technology, Vol. 7389, No. 1, pp. 563-569, 2012.

15. Gautier, M., Janot, A., and Vandanjon, P. O., “A New Closed-Loop

Output Error Method for Parameter Identification of Robot

Dynamics,” IEEE Transactions on Control Systems Technology, Vol.

21, No. 2, pp. 428-444, 2013.

16. Sujan, V. A. and Dubowsky, S., “An Optimal Information Method

for Mobile Manipulator Dynamic Parameter Identification,” IEEE/

ASME Transactions on Mechatronics, Vol. 8, No. 2, pp. 215-225,

2003.

17. Adetola, V. and Guay, M., “Finite-Time Parameter Estimation in

Adaptive Control of Nonlinear Systems,” IEEE Transactions on

Automatic Control, Vol. 53, No. 3, pp. 807-811, 2008.

18. Adetola, V. and Guay, M., “Robust Adaptive MPC for Constrained

Uncertain Nonlinear Systems,” International Journal of Adaptive

Control and Signal Processing, Vol. 25, No. 2, pp. 155-167, 2011.

19. Akella, M. R. and Subbarao, K., “A Novel Parameter Projection

Mechanism for Smooth and Stable Adaptive Control,” Systems &

Control Letters, Vol. 54, No. 1, pp. 43-51, 2005.

20. Tarmizi, W. F. B. W. and Adly, A., “Modeling and Simulation of a

Multi-Fingered Robot Hand,” Proc. of International Conference on

Intelligent and Advanced Systems, pp. 1-4, 2010.

21. Li, Y., Wang, X., Xu, P., Zheng, D., Liu, W., et al., “Solidworks/

Simmechanics-based Lower Extremity Exoskeleton Modeling

Procedure for Rehabilitation,” World Congress on Medical Physics

and Biomedical Engineering, Vol. 39, pp. 2058-2061, 2013.

22. Lewis, F. L., Abdallah, C. T., and Dawson, D. M., “Control of Robot

Manipulators,” Macmillan New York, p. 134, 1993.

23. Chen, N., Song, F., Li, G., Sun, X., and Ai, C., “An Adaptive Sliding

Mode Backstepping Control for the Mobile Manipulator with

Nonholonomic Constraints,” Communications in Nonlinear Science

and Numerical Simulation, Vol. 18, No. 10, pp. 2885-2899, 2013.

24. Hoang, N. B. and Kang, H. J., “A Model-based Fault Diagnosis

Scheme for Wheeled Mobile Robots,” International Journal of

Control, Automation and Systems, Vol. 12, No. 3, pp. 637-651,

2014.

25. Swevers, J., Verdonck, W., and De Schutter, J., “Dynamic Model

Identification for Industrial Robots,” IEEE Control Systems, Vol. 27,

No. 5, pp. 58-71, 2007.

26. Swevers, J., Ganseman, C., Tukel, D. B., De Schutter, J., and Van

Brussel, H., “Optimal Robot Excitation and Identification,” IEEE

Transactions on Robotics and Automation, Vol. 13, No. 5, pp. 730-

740, 1997.

27. Richalet, J. and Fiani, P., “The Global Approach in Identification

Protocol Optimization,” Proc. of the 4th IEEE Conference on

Control Applications, pp. 423-431, 995.

28. Landau, I. D., Anderson, B. D. O., and De Bruyne, F., “Closed-Loop

Output Error Identification Algorithms for Nonlinear Plants,” Proc.

of the 38th IEEE Conference on Decision and Control, Vol. 1, pp.

606-611, 1999.



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 6 JUNE 2015 / 1093

APPENDIX 1

The details of the inertia matrix M0(q)∈R5×5 and the centripetal and

Coriolis matrix V0(q, )∈R5×1

with
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