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ABSTRACT

This paper introduces a robust task-space control scheme for a robotic system with an adaptive
observer. The proposed approach does not require the availability of the system states and an adaptive
observer is developed to estimate the state variables. These estimated states are then used in the control
scheme. First, the dynamic model of a robot is derived. Next, an observer-based robust control scheme
is designed to compensate the uncertainties occurring in the control system. Moreover, upper bound of
the lumped uncertainty is essential in the design of the robust controller. However, the upper bound of
the lumped uncertainty is difficult to obtain in practical applications. Therefore, an adaptive law is
derived to adapt the value of the lumped uncertainty, and an adaptive observer-based robust task-space
controller is obtained. In this paper, we proved that the proposed adaptive observer-based controller
can guarantee that the task-space tracking error and also the observation error converge to zero. To

Task-Space Control

demonstrate the effectiveness of the proposed method, simulation results are illustrated in this paper.

doi: 10.5829/1je.2019.32.02b.12

1. INTRODUCTION

In recent years, robotic systems have been increasingly
implemented for many engineering applications [1-6].
Robust control of nonlinear systems has been the focus
of many researchers to confront the uncertainties
including parametric uncertainty, unmodeled dynamics
and external disturbances [7, 8]. Since the lumped
uncertainty is unknown in practical application, the
upper bound of the lumped uncertainty is difficult to
determine. Hence, an adaptive law is proposed to adapt
the value of the lumped uncertainty in this paper.

In robotic systems, an encoder that gives very
precise measurements can be used for providing the
controllers with the position feedbacks. Also, the
velocity signals are often sensed by using a velocity
tachometer, which is expensive and may be
contaminated by noise [9]. Hence, it is essential to
design an observer to estimate the velocity signals
precisely. Therefore, in this paper, a robust control
scheme for robotic systems with an adaptive observer is
proposed.

*Corresponding Author Email: rezagholipourr@gmail.com (R.
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The control signal utilizes the estimated states
derived from the observer and is designed using voltage
control strategy. In this strategy, on the contrary of
torque control strategy, actuator dynamics have not been
excluded. In other words, instead of the applied torques
to the robot joints, motor voltages are computed by the
control law [10]. In comparison with the observer-
controller structure developed in literature [11], the
proposed method is superior due to the model-free
observer. The methods presented in literature [12-17]
require all the states of the system to be available for
measurement, whereas the proposed approach does not
require the availability of the states and utilizes an
adaptive observer to estimate the system states. Unlike
the robust control approaches in literature [18-20], the
proposed method has an advantage that does not need
the upper bound of the lumped uncertainty.

The rest of this paper is organized as follows.
Section 2 states the robotic problem formulation.
Section 3 focuses on the design of a robust control
scheme with an adaptive observer. Section 4 presents
the stability analysis. One example is illustrated in
Section 5 to show the effectiveness of the proposed
method. Conclusions are drawn in section 6.
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2. PROBLEM FORMULATION

The dynamics of electrically driven robot manipulator is
given by Spong et al. [21]

D(@)4+C(q,9)q +G(q) = 7, (1)
-1, -1.

Jf G+Br qg+ro =K 1, )

RI +Li, + K, rd+¢p=v() ®)

The details are completely explained in literature [22].
Substitution of 7, from Equation (1) into Equation (2)
yields:

D(@)§+C(a,a)¢+G(a) = K1,

D(q) = er—l +rD(q)

C(a,4) = B,r +rC(q,4)

G(a) = rG(q)

)

Substituting 1, from Equation (3) into Equation (4)

results in:

a

B(a)+(C(a, a) + KR K, r ) a+Gla) +
o B ) ®)
K, R LI, +K,R o =K RV

Suppose that h is the N-dimensional vector of the end-
effector's position and orientation in the task space. The
Jacobian matrix J(q) relates the joint-space velocity

vector ¢ to the task-space velocity vector h as
h=J(g)g. Consequently, h is given by
h=J(@)4+J(q)g. Substitution of ¢ and ¢ into
Equation (5), yields:

D(a)3 " (@)h +[C(a,4) + KR K r ™ —

B(@)I ™ ()3 (@13 ()h +G(a) + ®)
K, R LI, +K R7p=K RV

In order to represent Equation (6) in the task-space,
J(q)™" is multiplied to both sides. As a result, we have

-T s -1 o -T = . -1 -1
J "D(g)J (gh+1J [C(q,q)+KmR Kor -

B(@)3 (@) (@13 " (@)h+ 37T [G(q) + 7
K, R LI, +K Rl =37K RV

Now, Equation (7) can be rewritten as follows:

M (h)h + N (h,h)h + H (h) = u(t)

M (h)=J(q)" D(a)J(a)"

N(h,R) = 3(@) T [C(q, )+ KR Kppr ™ =
D(a)d ™ (@)d ()19 (@)~

H(h) = J(a) T [G(a) + KR "L, + KR 0]
u()=3(@) " KnR™V()

®)

Using state space representation, Equation (8) is given
as follows:

X = Ax+ Bu(t) +Bs(t), y =Cx 9)
where

T e '} ,BI:O:l ,c=[1 0

x=[h h] [0 0 | [ 1 10)

() = (M (h) ™ = 1u(®) - M (h) (N (h, R)h + H (h)

such that x isa 2nx1 state vector, y isa nx1 output

vector, 0 and | are the nxn zero and identity matrices
and &(t) is the lumped uncertainty, respectively. The

control law calculates the signal u(t). Then, the voltage
signal is obtained by v(t) =RK_"J(q)"u(t) in which

R, K, and Jj(q) are nominal values.

3. DESIGN OF A ROBUST CONTROL SCHEME WITH
AN ADAPTIVE OBSERVER

The tracking error can be defined as e = x—x, . Thus,
X =€+ Xy . Substitution of x into Equation (9) yields:
é=Ae+ Axy — Xy +B(u+9) (11)
It is easy to show that —Ax; —BXy, =—X;. Thus,
Equation (11) can be rewritten as follows:
é€=Ae+B(U+05-Xy) (12)

Define A = A—Bk_ . Consequently, A=A_ +Bk, .
As a result, Equation (12) is rewritten as follows:

. T .
e=Ae+Bke+u+d—Xy) (13)
Now, the proposed observer is defined as follows:

%= AR+k,(y—CR) +B(S+u-u,) (14)

In which u, is the robust control term which will be
determined in next section. The estimated tracking error
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can be defined as é=X-x;. Now, the proposed
control law is defined as follows:

U=—8+%y —kl6+u, (15)
Substitution of Equation (15) into Equation (14) yields:
% = A%+ k, (y — CR) + B(Xy, —k_ €) (16)
After substitution of X =€+ x, into Equation (16) and
some simple manipulations, Equation (16) is given by

% — Axy —BXyy = A6 +k,C(x—R) a7)
It is easy to show that —Ax, —Bxy;, =—%,. Thus, (17)
can be rewritten as follows:

é=AL+k,C(x—%) (18)

The observation error can be defined as
E=e—-€6=x-x4-(R—x4)=x—-%. As a result
Equation (18) is given by

é= A6 +k,Cé (19)

Taking the time derivative of €=e—€é and using
Equations (13), (15) and (19), we have

§=¢-6=(A-k,C)E+B(-5+u, +5) (20)
Then , Equation (20) can be written as follows:

é=A8+Bw (21)
where A = A—k,C. Now, define the augmented error

vector as E, =[é é]T. Using Equations (19) and (21),

E is given by

E, = AE, +B,W,E, =C,E, (22)
_| A kC _|0 _

Aa{o AJ’B“[B]C“[C cl 23)

w=8-8+u,,5=6-6

Since the sampling interval in the experiment is short
enough as compared with the variation of &, the term
6 is also assumed to be a constant during the

estimation (i.e. §=6-8 > =-6)[23, 24].

4. STABILITY ANALYSIS

Consider the Lyapunov function candidate as follows:

1_7
V=3E, PE +

1 1=
275 5 (24)

where P is a symmetric positive definite matrix
satisfying Kalman-Yakubovich (KY) lemma. In other
words, based on KY lemma [25], there exist P and Q

such that
T T
A, P+PA, =-QB, P=C, (25)
Taking the time derivative of Equation (24) yields:
R 1 . 1 12
V="E PE,+-E, PE,-~5'5 (26)
2 2 ¥
By substituting Equations (22) and (25) into Equation
(26), we can write as follows:
.1 T 1 1
V == (AE, +B,w) PE, +-E, P(AE, +B,w)
2 2

1 +: 1
255 ="(E, A +w'B,)PE, +
14 2

1 T 1 ~T A
EEa P(ALE, +BW)——0 0=

’ (27)
1 1
5 E,' (A, P+PA)E, +EWT B,  PE,
1 1 12
+-E, PBw--§'5=
2 Y
-1 1 12
—E, QE,+w'B,' PE, - ~5'5
2 7
Using w defined in Equation (23) we have
V£ QE +(F+u) B PE - ~54 2
_? a QE, +(6+u,) B, a—;&& (28)
The adaptation law can be proposed as follows:
A T
5 =yB, PE, (29)
Then, Equation (28) can be written as follows:
e TLT
V=-—"E, QE, +(u,) B, PE, (30)
2
Robust control term can be proposed as follows:
T
u, =—kB, PE, (31)
Using Equations (30), (31) leads to
A T 2
V= " E, QE, —k|B, PE, (32)
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Thus, it has been guaranteed that V <0. By using
Barbalat’s lemma [25, 26], it can be shown the task-

space tracking error é and the observation error &
asymptotically converge to zero.

5. SIMULATION RESULTS

The control signal Equation (15) and the observer
Equation (14) are simulated on an articulated robot
manipulator driven by permanent magnet dc motors.
The Denavit-Hartenberg (DH) parameters of the
manipulator are given in Table 1 [27]. The parameters
of motors are given asR=1.26, K,,=0.26, J,, =0.0002,

B, =0.001, L=0.001 and r=0.01. The parameters of

robotic system are given in literature [28]. A symbolic
representation of the manipulator is illustrated in Figure
1. The maximum voltage of each motor is set to

U =40 V. The desired trajectory in the task-space is
defined as follows:

0.85-0.10 cos(%t)

Xq1 hy !
X, =[de =[hd] hy = | 0.75-0.06sin(”) (33)

0

The  matrix k¢ is  calculated using
k. = place(A,B,[-3.1 -32 -33 -34 -35 -3.6)])
and The  matrix K, is calculated via
k, = place(AT,cT [-31 —32 —-33 —-34 —-35 —36]).
The parameters » and k have been set to 4000 and 10,
respectively.

TABLE 1. The DH parameters of the articulated manipulator

Link 4 d a a
1 6, d, 0 /2
2 o, 0 a, 0
3 6, 0 a, 0

Figure 1. Symbolic representation of the articulated
manipulator

The external disturbance is a step function with
amplitude 2V which is applied to all motors at t = 3s.

The voltage signal is obtained by v(t) = RK,, 23 (q) u(t).
It has been assumed that R=08R, K, =0.8K, and

J(q) =0.8J(q). Figures 2 and 3 depict the tracking

performances of the proposed scheme which are
satisfactory. Meanwhile, voltage signals are presented in
Figure 4. As shown in this figure, motor voltages are
smooth and without any chattering. The observation
performances of the proposed scheme are shown in
Figures 5-7. These figures show that the adaptive
observer can generate the estimated state very fast and
correct.
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Figure 2. The desired and actual trajectories in the X-Y-Z
plane
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Figure 4. The control efforts
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As a result, Simulation results show that the proposed
method is able to control system with effective
performance in the presence of unknown uncertainties.
To improve the controller performance, optimization
algorithms [29-34] can be applied.

6. CONCLUSION

This paper has introduced a robust control scheme for a
robotic system with a simple adaptive observer. First,

the dynamic model of a robot was introduced. Then, a
robust control scheme with a simple adaptive observer
was designed. However, the upper bound of the lumped
uncertainty is essential in the design of the proposed
scheme. To relax the requirement for the upper bound of
the lumped uncertainty, an observer-based robust
controller with an adaptive mechanism to adapt the
lumped uncertainty was proposed. Finally, the
effectiveness of the proposed scheme was confirmed by
the simulation results.

7. REFERENCES

1. Tang, G., Webb, P. and Thrower, J., “The development and
evaluation of Robot Light Skin: A novel robot signalling system
to improve communication in industrial human-robot
collaboration”, Robotics and Computer-Integrated
Manufacturing, Vol. 56, (2019), 85-94.

2. Yoon, H.S., Jeong, J.H. and Yi, B.J., 2018. Image-Guided Dual
Master—Slave Robotic System for Maxillary Sinus Surgery.
IEEE Transactions on Robotics, Vol. 34, No. 4, (2018), 1098-
1111.

3. Bouteraa, Y., Abdallah, I.B. and Ghommam, J., “Task-space
region-reaching control for medical robot manipulator”,
Computers & Electrical Engineering, Vol. 67, (2018), 629-645.

4.  Khorashadizadeh, S. and Fateh, M.M., “Uncertainty estimation
in robust tracking control of robot manipulators using the
Fourier series expansion”, Robotica, Vol. 35, No. 2, (2017),
310-336.

5. Kumar, V.M. and Thipesh, D.S.H., “Robot ARM performing
writing through speech recognition using dynamic time warping
algorithm”, International  Journal of  Engineering,
Transactions B: Applications, Vol. 30, No. 8, (2017), 1238-
1245.

6. Sangdani, M.H. and Tavakolpour-Saleh, A.R., “Parameters
Identification of an Experimental Vision-based Target Tracker
Robot Using Genetic Algorithm”, International Journal of
Engineering, Transactions C: Aspects, Vol. 31, No. 3, (2018),
480-486.

7. Khorashadizadeh, S. and Fateh, M.M., “Robust task-space
control of robot manipulators using Legendre polynomials for
uncertainty estimation”, Nonlinear Dynamics, Vol. 79, No. 2,
(2015), 1151-1161.

8.  Gholipour, R., Khosravi, A. and Mojallali, H., “Parameter
estimation of loranz chaotic dynamic system using bees
algorithm”, International ~ Journal  of  Engineering,
Transactions C: Aspects, Vol. 26, No. 3, (2013), 257-262.

9. Wang, Y., Chai, T. and Zhang, Y., “State observer-based
adaptive fuzzy output-feedback control for a class of uncertain
nonlinear systems”, Information Sciences, Vol. 180, No. 24,
(2010), 5029-5040.

10. Fateh, M.M. and Sadeghijaleh, M., “Voltage control strategy for
direct-drive robots driven by permanent magnet synchronous
motors”, International Journal of Engineering, Transactions
B: Applications, Vol. 28, No. 5, (2015), 709-716.

11. Lee, D., “Nonlinear disturbance observer-based robust control
for spacecraft formation flying”, Aerospace Science and
Technology, Vol. 76, (2018), 82-90.

12. Kaheni, M., Hadad Zarif, M., Akbarzadeh Kalat, A. and Fadali,
M.S., “Radial Pole Paths SVSC for Linear Time Invariant Multi
Input Systems with Constrained Inputs”, Asian Journal of
Control, https://doi.org/10.1002/asjc.1923, (2020).


https://doi.org/10.1002/asjc.1923

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

R. Gholipour and M. M. Fateh / IJE TRANSACTIONS B: Applicatios Vol. 32, No. 2, (Febraury 2019) 284-291

Kaheni, M., Hadad Zarif, M., Akbarzadeh Kalat, A. and Sami
Fadali, M., “Soft Variable Structure Control of Linear Systems
via Desired Pole Paths”, Information Technology And Control,
Vol. 47, No. 3, (2018), 447-456.

Gholipour, R., Khosravi, A. and Mojallali, H., “Multi-objective
optimal backstepping controller design for chaos control in a
rod-type plasma torch system using Bees Algorithm”, Applied
Mathematical Modelling, Vol. 39, No. 15, (2015), 4432-4444.

Gholipour, R., Khosravi, A. and Mojallali, H., “Suppression of
chaotic behavior in duffing-holmes system using back-stepping
controller optimized by unified particle swarm optimization
algorithm”,  International  Journal of  Engineering,
Transactions B: Applications, Vol. 26, No. 11, (2013), 1299-
1306.

Gholipour, R., Khosravi, A. and Mojallali, H., “Bees algorithm
based intelligent backstepping controller tuning for Gyro
system”, The Journal of Mathematics and Computer Science,
Vol. 5, No. 3, (2012), 205-211.

Gholipour, R., Khosravi, A. and Mojallali, H., “Intelligent
Backstepping Control for Genesio-Tesi ChaoticSystem Using a
Chaotic Particle Swarm OptimizationAlgorithm”, International
Journal of Computer and Electrical Engineering, Vol. 4, No.
5, (2012), 618-625.

Leu, Y.G., Wang, W.Y. and Lee, T.T., “Observer-based direct
adaptive fuzzy-neural control for nonaffine nonlinear systems”,
IEEE Transactions on Neural networks, Vol. 16, No. 4,
(2005), 853-861.

Gholipour, R. and Fateh, M.M., “Adaptive task-space control of
robot manipulators using the Fourier series expansion without
task-space velocity measurements”, Measurement, Vol. 123,
(2018), 285-292.

Gholipour, R. and Fateh, M.M., “Observer-based robust task-
space control of robot manipulators using Legendre
polynomial”, In Electrical Engineering (ICEE), Iranian
Conference on, IEEE, (2017), 766-771.

Spong, M.W., Hutchinson, S. and Vidyasagar, M., “Robot
modeling and control”, Vol. 3. New York: Wiley, (2006), 187-
2217.

Izadbakhsh, A. and Khorashadizadeh, S., “Robust task-space
control of robot manipulators using differential equations for
uncertainty estimation”, Robotica, Vol. 35, No. 9, (2017), 1923-
1938.

Lin, F.J., Chen, S.G. and Sun, L.F., “Intelligent sliding-mode
position control using recurrent wavelet fuzzy neural network
for electrical power steering system” International Journal of
Fuzzy Systems, Vol. 19, No. 5, (2017), 1344-1361.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

Lin, F.J., Chen, S.G. and Sun, L.F., “Adaptive backstepping
control of six-phase PMSM using functional link radial basis
function network uncertainty observer”, Asian Journal of
Control, Vol. 19, No. 6, (2017), 2255-2269.

Slotine, J.J.E. and Li, W., “Applied nonlinear control”, (Vol.
199, No. 1). Englewood Cliffs, NJ: Prentice hall, (1991).

Khorashadizadeh, S. and Majidi, M.H., “Chaos synchronization
using the Fourier series expansion with application to secure
communications”, AEU-International Journal of Electronics
and Communications, Vol. 82, (2017), 37-44.

Khorashadizadeh, S. and Sadeghijaleh, M., “Adaptive fuzzy
tracking control of robot manipulators actuated by permanent
magnet synchronous motors”, Computers & Electrical
Engineering, Vol. 72, (2018), 100-111.

Fateh, M.M. and Baluchzadeh, M., “Modeling and robust
discrete LQ repetitive control of electrically driven robots”,
International Journal of Automation and Computing, Vol. 10,
No. 5, (2013), 472-480.

Gholipour, R., Addeh, J., Mojallali, H. and Khosravi, A.,
“Multi-Objective Evolutionary Optimization of PID Controller
by Chaotic Particle Swarm Optimization”, International
Journal of Computer and Electrical Engineering, Vol. 4, No.
6, (2012) 833-838.

Mojallali, H., Gholipour, R., Khosravi, A. and Babaee, H.,
“Application of chaotic particle swarm optimization to PID
parameter tuning in ball and hoop system”, International
Journal of Computer and Electrical Engineering, Vol. 4, No.
4, (2012), 452-457.

Sedighizadeh, M. and Kashani, M.F., “A tribe particle swarm
optimization for parameter identification of proton exchange
membrane fuel cell”, International Journal of Engineering-
Transactions A: Basics, Vol. 28, No. 1, (2014), 16-24.

Jam, S., Shahbahrami, A. and Ziyabari, S.H.S., “Parallel
Implementation of Particle Swarm Optimization Variants Using
Graphics Processing Unit Platform”, International Journal of
Engineering, Transactions A: Basics, Vol. 30, No. 1, (2017),
48-56.

Jafaripanah, S., Dehghani, A. and Bakhshi, H., “Using the
Genetic Algorithm based on the Riedel Equation to Predict the
Vapor Pressure of Organic Compounds”, International Journal
of Engineering, Transactions C: Aspects, Vol. 31, No. 6,
(2018), 863-869.

Xiang, Y., Zhou, Y., Tang, L. and Chen, Z., “A decomposition-
based many-objective artificial bee colony algorithm”, IEEE
Transactions on Cybernetics, Vol. 49, No. 1, (2019), 287-300.



R. Gholipour and M. M. Fateh / IJE TRANSACTIONS B: Applicatios Vol. 32, No. 2, (Febraury 2019) 284-291 190

Designing a Robust Control Scheme for Robotic Systems with an ResearcH
Adaptive Observer NOTE

R. Gholipour, M. M. Fateh

Department of Electrical and Robotic Engineering, Shahrood University of Technology, Shahrood, Iran

PAPER INFO ot S

Paper history: oty s S o e il S o L Sl e S sl polie IS 5L U S 2, 5 e o
Received 14 October 2018
Received in revised form 28 December 2018 Ol e 25 g b Sl gla e e gl Ak Ko, g agll - OV 4 s 4 (s3LS
Accepted 03 January 2019 _

P S edm e ol e s DL, K (Slos Jbe il LG50 e ealiad J ST S 50 e Y-

Keywords: \L«w.\{g;ﬁ‘ﬂ5}3&9.}}.‘iénf.)bJJ:;SWJ}Jﬁf&h%ﬁf&&‘ﬁé‘ﬂﬁi})ﬁﬁr}wdﬂs
Robust Control e Godts (6l s 56 K el iy ] S b s, fe bl ade VU WL 05,50
Adaptive Observer Mo Grlad sl Ak 05 e e e e
Robotic Systems Gl 53 s e et e Shs) g e pslie IS sl Amdﬁs&}‘,\iivjw,\fc&aﬁwty

Task-Space Control
sl (6,85, gl &S AS eal Ll j‘@wiq:@;;,})jw“\ﬁSstsrsy Sl b s

a!,;_;,‘uw@u ‘L;;L@;,i.: 33 a8 Osls QLS 6‘ﬂ .xﬁjlﬁaﬁpg;\qxébwj)lf

g o305 OLES s

doi: 10.5829/ije.2019.32.02b.12




