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Abstract. This paper presents an application of the generalized predictive con-
trol to a single link flexible joint robot. The objective is to track some prede-
fined profiles for angular displacement of the link. The model of the robot is
approximated to linear (ARIMAX) model using the recursive least squares
(RLS) identification algorithm for parameters estimation. Simulation results
show the performance of the control scheme.
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1. Introduction

Model based predictive control (MPC) has received a great deal of attention and is
considered by many to be one of the most promising methods in control engineering.
The predictive control strategy belongs to the optimal control methods. The difference
is that the cost function to be optimized is defined over a future horizon [1], [2]. Gen-
eralized predictive control (GPC) can be applied for nonlinear systems approximated
by linear models with a good performance. The predictive model is carried out based
on the solving of the Diophantine equations [3], [4].

In the development of a modern robot manipulator, it is required that the robot con-
troller has the capability to overcome unmodeled dynamics, variable payloads, friction
torques, torque disturbances, parameter variations, measurement noises which can be
often presented in the practical environments. For this raison, control of mobile robot
is currently among the main subjects of scientific research in robotic area. Many
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strategies have been developed in last years for robot control [5], [6]. Predictive con-
trol has been applied to robot manipulator with good performance [7], [8], [9], [10],
[11], and can be generalized to single link flexible joint robot, which is the contribu-
tion of this work.

The aim of this paper is to apply a generalized predictive controller for the single-
link flexible joint robot. It is organized as follows. Section 2 describes the generalized
predictive control algorithm. Section 3 derives the linear model, which is the ap-
proximation of the robot model. Section 4 presents simulation results for tracking
problem of the robot using the proposed controller. Section 5 concludes the paper.

2. Generalized Predictive Control

A square linear system (nxn) can be described by an ARIMAX model given by

-1

Ay = Blg utk 1)+ )
(¢7)

where, y is the output, u is the input and £is white noise of zero mean.

A, B and C are polynomials, of degrees n,, n, and n, respectively, in the backward

shift operator ¢
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d is time delay.
The GPC cost function is taken the form

SN, o N, A) = ECY Dk + )= r(k+ DI+ 3 A Autk + =D} @)

j=Ny
where N, and N, are the minimum and maximum cost horizons and N, the control
horizon, which are finite. A(j) is a weighting sequence for the input, which is usually
set to a constant A. r(ktj) is the future set point j-step ahead.
The model (1) can be considered as

A(g™HAy(k) = B(g )Au(k —1)+ C(g )& (k) )

The j-step ahead prediction of y(k), (k + j), is based on the solving the Diophantine
equation
C(g)=E,(¢HA(gHA(¢g)+q'F (¢ ©)
The predictor can be carried out by

y(k+ j)=C7'F y(k)+ C"E BAu(k + j-1) Q)
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Then, by introducing the second Diophantine equation

E.(¢7"B(g")=G ,(¢")C(gH+q’H (¢ (6)
The predictor (6) becomes
Pk + j)=C7'F,y(k)+ C"'H ,Au(k 1)+ G ,Au(k + j - 1) (7)

Under matrix form, we have
Yy =GAu+L (8)
where
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The cost function (2), under matrix form, becomes
S=(y-r)' (y-r)+1Au’Au )

where r =[r(k + N,),..., r(k+ Nz)]r
Form (9) and (10), the solution the this problem of minimization is

Au=(G'G+AI)'G"(r-L) (10)

In fact, only the first input is applied to the system. Then, the control input is given by
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u(k)=u(k—-1)+g'(r-L) (11)
where g is the 7 first rows of matrix (GG + AI)"'G” .

The detail about the solution Diophantine equations (4) and (6) is given in appendix.

3. System Identification

The equations of motion of a single-link flexible joint robot are [5], [6]
16, + Mgl sin(8,) + K (6, —6,) =0 (12)
JO,+K(6,—-6)=u
where, 6, is the link angular displacement and considered as the output to be con-
trolled, &, is the motor angular position, / is the link inertial, J is the rotor inertia, K is

the stiffness, M is the link mass, g is the gravity constant, and / is the center of mass.
The control input u is the torque delivered by the motor.

Mgl
Fig. 1. Single-link flexible joint robot

Using some simplifications, the transfer function, in s-domain, of the system is
given by

6,(s) _ K (13)
u(s)  IJs* +(IK + MglJ + KJ)s* + MglK

For off-line Identification, a random input is applied to the robot. Input and output
data are used while applying the recursive least-squares (RLS) identification algo-
rithm; with a sampling frequency of 50 Hz. This technique is based on computation of
the optimal value of the parameter vector based on minimization of a scalar function
of the squared equation error [12], [13], [14], [15].

In each case the system order was adjusted empirically until the modeling error was
minimized.

The robot output for a random input, to be used for parameters identification, is
shown in figure 2.
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Fig. 2. System output data used in parameters identification

An illustration of the results of the time domain parameterization (ARMA model-
ing) follows. Identification of the discrete domain transfer function for motor input u,
to link angular displacement 8, resulted in fifth order models, given by

6, —0.002 z* +0.0053z2 —0.0055 z - 0.0124

u, T 27075622 —0.98482° +1.1352 2% + 0.2888 2 — 0.6830

This transfer function is reorganized in order to get the ARIMAX model (1), which
will be used in GPC. The degrees of polynomials are n,= 5, n,=3,n.=1and d = 1.

In case of on-line identification, for adaptive control, the model parameters a; and b;
are time varying — their values are to be identified at each time interval. The RLS
algorithm can be used for online identification. At each sampling time, the parameters
of the plant discrete model are to be estimated based on the latest data pair (uy, 6,).

4. Simulation results for GPC System Control

The objective of the robot control is to track a reference some profiles (reference
angle value of /6 until 2.5 s, then, a value of #/3). The prediction controller parame-
ters (N, N,, N,, and 1) are chosen by trial and error in order to get an acceptable
tracking. The values are: Ny =1, N,=10, N,=5 and 4 =10,

First, the non-disturbed robot system is controlled by a GPC controller to track an
angular reference. The tracking response is shown in Fig. 3, where, it can be seen that
the tracking performance is successfully achieved.
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Then, a step disturbance, of value 7/20, is injected in the robot output. This quantity
has been included in the output response as a forcing term to represent unmeasured
disturbances including payload, frictional effect and uncorrelated random noise se-
quence if it exists. The system response is given in Fig. 4, where the tracking perform-
ance is achieved successfully and the effect of disturbance is well rejected.

Finally, the robot output is affected by a small random disturbance as shown in Fig.
5. It can be seen that the system response follows the reference. However, the effect of
the disturbance remains in the response.
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Fig. 3. GPC control response of non-disturbed system
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Fig. 4. GPC control response of the system affected by a step disturbance



896 I1J-STA, Volume 3, N°1, July 2009.

Output
....... Reference |

Angular position [rad]
o
(=]

e
T

02

1
0 05 1 15 P 25 3 35 4 45 5
Time [s]

Fig. 5. GPC control response of the system affected by a random disturbance

5. Conclusions

In this paper, a GPC control strategy is applied to single-link flexible joint robot for
trajectory tracking. The prediction model is designed using the Diophantine equations
solution.
The nonlinear model of the robot is approximated by an ARIMAX model using the
recursive least-squares (RLS) identification algorithm for parameters estimation.
Results show that the single-link flexible-joint robot under GPC control has a good
output tracking performance and the step disturbance is well rejected.

Appendix
The polynomials couple (E;, F;) is the unique solution of the Diophantine equation (4).

— (J) -1 (J)  —Jj+l
E =1, +E"7q¢ ' +.+E\q

. ) D
F,=F7+F7¢ "+ + Fn((f’,{q "

) _ ; ; ) ) i i
n; =max,,n, —j)- The matrices E; and F; have dimension nxn.

The solution can be carried out in recurrent manner from (4).
For j=1

E,=1
{Fﬁ“ =C, —Ey(4,,-4) 0<i<n
For j>2
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Ej_1 — FO( j=1
FY=F{"-E, (4

i+l

; (O]
-4;) 0<i<n;

i+1

The polynomials couple (G;, H)) is the unique solution of the Diophantine equation

(6).

G, =G +G ¢ +..+G Vg
H,=H +H ¢ +..+Hq™"

n, = max(n,,n, +d)—1. The matrices G; and H; have dimension nxn.

The solution can be carried out in recurrent manner from (6).

For j=1
. G, =E,B,
it d=0 ¢ ' " ) .
H; E\B,,, —C.,G, 0<i<n,
. G, =0
if d>0 1
Hi() =E\B, 4. 0<i<n,
For j=2
G H{V+E, B, if d=0
o Eg if d>0
Hi(j) = Hi(glil) -CLG, L +E B, 0<i<n,
References

—_

. Richalet, J.: Industrial Applications of Model Based Predictive Control. Automatica, Vol.

29,N° 5, (1993) 1251-1274.

. Garcia, C.E., Prett, D.M., Morari, M.: Model Predictive Control: Theory and Practice- A

Survey. Automatica, 3, (1989) 335-348.

. Bordons, C., Camacho, E. F.: A Generalized Predictive Controller for a Wide Class of Indus-

trial Processes. IEEE Transactions on Control Systems Technology, 6, N° 3, (1998) 372—
387.

. Sepehri, N., Wu, G.: Experimental Evaluation of Generalized Predictive Control Applied to

a Hydraulic Actuator. Robotica, Vol. 16, (1998) 463—474.

. Kozlowski, K. (Ed.): Robot Motion and Control. Springer, Germany, (2004).
. Spong, M. W., Hutchinson S., Vidyasagar, M.: Robot Modeling and Control. John Wiley &

Sons, USA, (2006).

. Huang, A-C., Chen, Y-C.: Adaptive Sliding Control for Single-Link Flexible-Joint Robot

with Mismatched Uncertainties. IEEE Transactions on Control Systems, Vol. 12, N° 5,
(2004) 770-775.

. Klan¢ar, G., Skrjanc, 1.: Tracking-Error Model-Based Predictive Control for Mobile Robots

in Real Time. Robotics and Autonomous Systems, 55, (2007) 460—469.



898 I1J-STA, Volume 3, N°1, July 2009.

9. Pimenta, K. B., Rosario J. M., Dumur D.: Application of Direct Adaptive Generalized Pre-
dictive Control (GPCAD) to a Robotic Joint. ABCM Symposium Series in Mechatronics,
Vol. 1, (2004) 409—417.

10. Zhang, D.B., Van Gool L., Oosterlinck, A.: Generalized Predictive Control of a Vision-
Based Tracking System using Kalman Filtering Technique. Proceedings of the IEEE Interna-
tional Conference on Control and Applications, (1989) 731-733.

11. Belda, K., Bohm, J., Valasek, M.: State-Space Generalized Predictive Control for Redun-
dant Parallel Robots. Mechanics based Design of Structures and Machines, Vol. 31, N° 3,
(2003) 413-432.

12. Yurkovich, S., Hillsley K.L., Tzes, A.P.: Identification and Control for a Manipulator with
Two Flexible Links, Proceedings of the 29" Conference on Decision and Control, Honolulu,
Hawaii, USA (1990) 1995-2000.

13. Yurkovich, S., Tzes, A.P., Lee, 1., Hillsley K.L.: Control and System Identification of Two-
Link Flexible Manipulator, Proceedings of the 29™ Conference on Decision and Control,
Honolulu, Hawaii, USA (1990) 1626—1631.

14. Tzes, A.P., Yurkovich S.: An Application of On-line Identification Methods for Control,
Proceedings of the 29" Conference on Decision and Control, Honolulu, Hawaii, USA (1990)
3146-3147.

15. Huang, J.T.: A New Approach to Parametric Identification of a Single-Link Flexible-Joint
Manipulator, Journal of Intelligent and Robotic Systems, Vol. 37, (2003) 273—284.



Generalized Predictive Control for flexible joint robot — A. Merabet ef al. 899



