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Abstract: In this paper, the nonlinear disturbance observer (NDO) is presented for serial flexible joint
robot manipulators (FJM). To this end, a planar robot manipulator with n flexible joints is considered.
After deriving the general form of dynamic equations for serial n-link FIM, a nonlinear disturbance
observer is proposed on the basis of the system dynamic equations. The main challenge here is to obtain
the acceptable range of the observer gain which guarantees the stability condition. So by choosing the
proper Lyapunov candidate, stability analysis of the proposed observer is performed by using the
Lyapunov’s direct method. Since the proposed NDO makes the system robust against internal and
external disturbances, no accurate dynamic model is required to achieve the high precision motion
control. The effectiveness of the proposed observer in the regulation problem is investigated by
numerical simulations for a two-link robot manipulator. To this end, an optimal LQR controller is
designed to stabilize the system besides the optimal state observer in order to estimate the angular
velocity of the links and motors. Simulation results show the ability of the proposed method to properly
estimate and compensate different disturbances.
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disturbances, LQR controller, state observer.

1. INTRODUCTION

Joint flexibility in many robot manipulator systems,
introduced by the elements of the drive systems, such as
shafts, belts, gears, and chains, cannot be neglected. The
effect of flexibility on robot performance will be
considerable, particularly, when the manipulator is used to
perform a high-speed motion and carry a heavy load.
However, the flexibility of the joint in manipulators causes
difficulty in modelling the manipulator’s dynamics and
becomes a potential source of uncertainty that can degrade
the performance of the manipulator and in some cases can
even destabilize the system (Talebi et al., 2002). Therefore,
the joint flexibility must be considered in control design in
order to achieve the desired performance. On the other hand,
flexible joint manipulators (FJMs) are subject to different
types of disturbances that adversely affect their performance
such as repeatability and positioning accuracy. There are
many sources that exert disturbances to the system.
Unmodeled dynamics due to the joints flexibility and
uncertainties due to unknown parameters or parameter
variations are known as internal disturbance sources. In
contrast, external forces on the end-effector, friction in joints,
and torque ripple of the actuators are known as external
disturbance sources. In fact, disturbances affect the
performance of the system significantly. So, in order to
reduce or estimate the disturbance effects, a large number of
methods have been designed during the last three decades.

The sliding mode control (Shendge et al., 2011; Moldoveanu
et al.,, 2005), Kalman filter (Park et al., 2013), adaptive

control (Chien et al., 2007), H-infinity controller (Taghirad et
al., 2001), nonlinear optimal control approach (Korayem et
al., 2015), active disturbance rejection (Kordaz et al., 2012),
robust input shaping technique (Alici et al., 2006), adaptive
sliding control (Huang et al., 2004), linear feed-forward
torque using the principle of work and energy (Salmasi et al.,
2009), Fuzzy logic control (Zirkohi et al., 2013), neural
network (Talebi et al., 2002), adaptive neural network sliding
mode controller (Sefriti et al., 2012) and decentralized direct
adaptive fuzzy control (Fateh et al., 2013) are among the
disturbance rejection techniques proposed in the literature for
flexible joint manipulators and robot manipulators. An
alternative to these methods that has received much attention
in recent years is the use of disturbance observers proposed
first time by Ohnishi et al., 1996. The idea behind the
disturbance observer is to lump all the external and internal
unknown torques/forces acting on the manipulator into a
single disturbance term, then estimate this unknown term
using the disturbance observer. The output of the disturbance
observer can be used as a command to compensate the
disturbances.

The disturbance observers have many applications in robotics
such as, decoupling dynamics of the joints in order to design
a simple controller for each DOF (Zhongyi et al., 2008),
estimating and compensating the friction in order to improve
the manipulator tracking performance (Bona et al., 2005),
using in time-delayed bilateral teleportations in order to
improve the transparency of telerobotic  systems
(Mohammadi et al., 2011), employing in sensorless force
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control systems in order to estimate the contact forces
(Shimada et al., 2010), using in shadow robot systems
(Katsura at al., 2010) and fault detection systems (Sneider et
al., 1996; Mohammadi et al., 2013).

The methods used to design the disturbance observers for
robot manipulators are classified to linear and nonlinear
methods. But most of the existing literature uses the
linearized models or linear system techniques (Kim et al.,
2003; Yun et al., 2014). In order to overcome the limitations
of linear disturbance observer (Nikoobin et al., 2009; Yang at
al., 2006) for the highly nonlinear and coupled dynamics of
robotic manipulators, some nonlinear disturbance observers
(NDO) have been developed for the flexible joint
manipulator. Many works done in this area are based on the
state observer design for the augmented system in which
disturbances are taken as states (Qin et al., 2012). Variable
structure disturbance observers (Lee et al., 2007) and high
gain observers (Morales et al., 2001) are designed based on
this method.

Another approach for designing the NDO for robotic
manipulators is proposed by (Chen et al., 2000), in which the
stability of the proposed observer is verified by using
Lyapunov’s theorem for a two links robot manipulator. Later,
Nikoobin et al. generalized Chen’s solution to n-link planar
manipulators (Nikoobin et al., 2009). After that, Mohammadi
et al. (2013), extended NDO proposed by (Nikoobin et al.,
2009) for a general robot manipulator without restrictions on
the types of the joints and the manipulators configuration. In
all the previous works dealing with NDO for robot
manipulators (Mohammadi et al., 2013; Nikoobin et al.,
2009; Chen et al., 2000), the flexibility in the joints have not
been considered yet. The FIM is an underactuated system in
which the number of actuators is lower than the degrees of
freedom. So deriving the NDO formulation and verifying the
stability for the FIM is different with the rigid manipulator.
The proposed NDO in comparison with the NDO methods
based on the state observer such as variable structure and
high gain observer methods which estimate the whole applied
disturbances as a single signal, can estimate the applied
disturbance on each link and motor separately. So the
presented method can be employed in sensorless force
control systems in order to estimate the contact forces, or in
the fault detection system.

The other challenge in the flexible joint manipulator is the
measurement reduction. Reduction in the number of feedback
quantities has been always a goal in control design, especially
for industrial robots. The works done in this field can be
classified into two methods, avoiding the rate measurement
by changing the control strategy and using the state observer
in order to reduce the number of measurements reviewed
completely in (Ozgoli et al., 2006). As a common method the
velocity of motors and links are estimated using the different
type of observers such as LQG/LTR techniques (Lahdhiri at
al., 1999), robustdynamic feedback tracking controller
(Chang at al., 2011) and neural network observer (Abdollahi
at al., 20006).

In this paper, a nonlinear disturbance observer is proposed for
a general n-link planar robot manipulator with flexible joints.

Here, on the base of the Spong model of FJIM which has no
zero dynamics (Luca, 2000), a proper Lyapunov function is
chosen and the sufficient condition for stabilizing the system
is proved. The paper is organized as follow: A Dynamic
model of an n-link planar flexible joint manipulator is
presented in Section 2. The proposed NDO is introduced in
section 3 and the stability analysis of the proposed observer
based on the Lyapunov’s direct method is presented in
Section 4. By designing the LQR state feedback controller
besides the optimal state observer to estimate the velocities,
the effectiveness of the proposed method to eliminate the
different disturbances on the system is shown in Section 5.
Lastly, Section 6 includes the concluding remarks.

2. DYNAMIC MODEL OF FIM

In this paper, a nonlinear disturbance observer is presented
for a general n-link planar robot manipulator with flexible
joints. Here, on the base of the Spong model of FIM which
has no zero dynamics (Luca, 2000), a proper Lyapunov
function is chosen and the sufficient condition for stabilizing
the system is proved. The paper is organized as follow: A
Dynamic model of an n-link planar flexible joint manipulator
is presented in Section 2. The proposed NDO is introduced in
section 3 and the stability analysis of the proposed observer
based on the Lyapunov’s direct method is presented in
Section 4. By designing the LQR state feedback controller
besides the optimal state observer to estimate the velocities,
the effectiveness of the proposed method to eliminate the
different disturbances on the system is shown in Section 5.
Lastly, Section 6 includes the concluding remarks.

The structure of a multiple flexible joints manipulator
consisting of n flexible revolute joints and » rigid links is
shown in Fig. 1. The links are cascaded in serial fashion and
are actuated by individual motors and gearboxes. A payload
of mass m,is connected to the distal Ilink. Let
q,;-1=12,...,n,denote the generalized coordinate of the ith

link, ¢g,,i=12,...,n, denote the generalized coordinate of
the ith actuator and u,, i =1,2,...,n, denote the applied torque
of the ith actuator of the robot.

Fig. 1. Serial n-link planar flexible joint manipulator.

The flexible joint is simplified as a linear torsional spring
with the spring constant k,,i=1,2,...,n. Due to the elastic
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coupling between actuators and links, the n-link flexible joint
robot has 2n degrees of freedom.

T nx
Let q. :I:qu 91> an:| eR™ and
q, =|:qa1 4. 9o ]T €R™ be a set of generalized
coordinates.

Based on the dynamic model of the flexible joint robot
developed by (Spong, 1987), the dynamic equation of the
FIM can be described as

M, (4,4 + i (9,9, ) Py (41) (M)
K oo (41 -40) = s

et T Ko (qa 'QL) =ut f,

in which

N2 J 2

ct act™ mact

J[l

u :NactT

where M, (q,) € R™" is positive definite symmetric inertia
matrix, b(q,.q,)eR™ is the vector of Coriolis and

h,(q,)eR™ is the

gravitational forces, K, =diag(k,,k,,....k,) e R™" is the
joint torsional stiffness
J paee = diag(J,,,,J oJ,,)€R™ is the motor inertia

m2o°* mn

centrifugal forces, vector of

matrix,

matrix, N,, =diag(N,,N,,...,N,)eR"" is the gear ratio

. ir 1 .
matrix, 7 =[z’1 7, z’n] e R™ is the vector of motor

torque, and f, eR™' is the disturbance vector which

contains the torque due to the unknown load, friction force,
external force, torque ripple and unmodeled dynamics. The
subscript “1” denotes the disturbance on the links, subscript
“2” denotes the disturbance on the actuators and the subscript
“act” denotes the actual value of parameters.

Property 1: M(q,) is symmetric positive definite, and
bounded below and above, ie., dJa> >0, such that
Bl,<M(q,)<al,Vq, eR", where I, is the nxn identity
matrix.

Property 2: The dynamic model of the flexible joint
manipulator given in (1) is input-state linearizable and has no

zero dynamics, so the closed loop system is internally stable
(Luca, 2000).

Assumption 1: By defining the ¢ = [qLT q! T , the angular

velocity vector ¢ lies in the known bounded set Q,, it
A

means g € Q, {q : ||q|| < qmax} .

Assumption 2: Joint deflections are small, so that flexibility
effects are limited to the domain of linear elasticity. The

actuators’ rotors are modelled as uniform bodies having their
own center of mass on the rotation axis. Each motor is
located on the robot arm in a position preceding the driven
link (Siciliano at al., 2008).

In order to simplifying the computation in the next sections,
inertia matrix M (g, ) can be written as follow

— 3
M(q,)=BM(q,)A @)
in which

_ M, _
X\C, M, sym.
X;C2,3 X12C3 M3
M:% Xslcz,4 X22C3,4 X13C4 5 (4)
Xi CZ,S X32 C3,5 X; C4,5 .
_X:thZ,n X}372C3,n X373C4,n T Mn Jnxn
and
1 0 -0 1 1 1
A | B L :
Sleoo o] BT ) ®)
1 1 1 nxn O O nxn
where C =cos(q,).C,; = cos(qL, + 4,0 +...+qu)and
Mi,Y[’j,X,.j ,i=1---n are constant parameters, which depend

on the masses of the links, payload and the lengths of the
links. M (qL) is also a symmetric matrix,

3. NONLINEAR DISTURBANCE OBSERVER

Assuming all states are available in output, the structure of a
control system with disturbance observer is shown in Fig. 2,
which indicates the principle of disturbance observer design.

External Internal

Disturbance Disturbance

bot
Mahipulator

'

*| Controller

dis]

Disturbance

Observer “

Fig. 2. The structure of disturbance observer.

By defining the nominal value of parameters, one can write

(1) as
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M (q )iy +5(d0.d0 )+ 1(q, )+ K (d0 -0,) = auxiliary ~variable y=f, -p(g). Differentiating the
i K ( ) P ‘ “ (6) auxiliary variable with respect to time gives
G, VK9, -9, ) = u Ju
A . 0p..
is = +_- . 14
where M, b, h, K and J are the nominal values of Jan =V oq 1 (14)
M h.,, K ively. o A . .
actr Ducts B2 Koy and J respectively So, substituting for f,, from (14) into (9) gives
Consequently, using (1) and (6), the disturbance vector can op
be written as \p+a—qq‘:.L(q,q)(\l/+p(q))+L(q,q)x
fdis,l — M 0_ qL + K(qL_qa) + b + h _ 0 M 0 q b""h K(q _q ) 0 (15)
wH ST e BRI o (o oo o fracen o
N 0 J qa 0 K(qa - qL ) u
So, by defining the By defining
Sas. [q, 0 M 0
fﬁ{ A P ® L-L(g4 : 16
P fae) T L G q)_ 0 J (16
disturbance observer can be proposed as Equation (14) can be reduced to
M 014, [K(q,- , (K(q,-q,)] [b+h] 0] .
i) [K(a.-0)], o et [K (070 { H }_p(q), -
0 Jld.] |K(g.-a.)] | - | K(q,-q.)] L 0 ] |u

fo = L(2.4) Sl @

I

where L(q,4)eR*"*", and f,. is the estimated of real

disturbance f), . Since, there is no prior information about

the derivative of the disturbance, it is reasonable to suppose
that the disturbance in (7) varies slowly (Mohammadi et al.,
2013; Chen et al., 2000),
Jas =0 (10)
which implies that the disturbance varies slowly compared
with the observer dynamics. But in Section 5, it will be
shown that the proposed observer estimates also fast time
varying disturbances. The observer error is defined as a

difference between actual disturbance and estimated
disturbance
e:fdis_fa’is' (11)

By differentiation from observer error, dynamic of error can
be written as

A

é:fdis _](dis :L(fc'lix_](dis)’ (12)
which it can be expressed as below
etLle=0. (13)

L must be chosen in such a way that the dynamic of error be
asymptotically stable.

As it can be seen from (9), acceleration signals ¢, and ¢,

are required to realize the disturbance observer. Since
acceleration measurement is a hard task in many robotic
applications, the problem is circumvented by defining an

in which there is no acceleration signal, and estimated
disturbance can be obtained by

£ =w+p(q). (18)

Finally, as it can be shown in Fig. 2, one can write the control
law as follow

u=u,- fdisl _f;liszl (19
in which u is the final control signal, u, is the controller

signal, f,, and f,, are the estimated disturbance signals.
4. STABILITY ANALYSIS

The proposed NDO in (17) has two design parameters L and
P. However, they are not independent and related to each
other by (16), so one of them must be chosen in order to
guarantee the asymptotical stability of the proposed NDO. In
the following theorem a value for p(¢) is proposed to

guarantee the stability of disturbance observer.

Theorem 1: If p(q)e R*™ be defined as below

qu
q.Ll + q.LZ
c qu +q.L2 +"'+an

qal
q.aZ

5 (20)

L qan
then asymptotical stability of NDO given by (17) is
guaranteed by proper choice of parameter c.
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Proof: Since derivative of p(g) with respect to ¢ can be

expressed as below

ap(q) — c|:An><n 0n><n:|

G 0. I

nxn nxn

e2y)

in which 4

nxn

is defined in (5). So by substituting (20) into
(16) one can write

L(¢.4)= CB ﬂ{Mol Jq'

(22)

Using (3), the inertia matrix can be written as follow
M(q,) 0|_[B 0| M(q,) 04 0

o J| o1l o J|o 1] (23)
so substituting (23) into (22) yields

M* 0| B 0

L(g.q)=c .

(4.4) {0 J.MO J (24)

Since A7[(qL ) and J is positive definite for all ¢, a
Lyapunov candidate can be proposed as

M 0
V(eg)=e" e.
(eq) [ ) J} (25)
The time derivative of the Lyapunov function is
dVieq) oV(eq). V(eq).
(ed)_0V(ea), OVlea) o

d¢ Oe 0q
By using (13) and (24), the first term can be determined as

v . .M 0 M' 0 |[B" 0
—e=2e -c ’ e
Oe 0 J 0o J 0 I

_ (27)
1 2¢BT 0 | 2¢BT 0
=-e e=-e 6
0 2cl 0 2cl
in which
[2¢ = 0 - 0]
- 2¢ - :
2B =0 0 0 0, (28)
0 -+ — 2c -c
|0 - 0 - 2c]

The second term in right-hand side of (26) can be written as

6V(e,q) . ! ;|D,., 0.,
——g=-—¢ e
oq 1T 2% 0. 0 (29)

nxn nxn

in which

0 sym.
XllqzzSz 0
D= X;q.LZ,3S2,3 X12‘?L3S3
: : 0
_Xrlz-IC.ILZ,nSZ,n XZ—Zq.L3,nS3,n lelq.LnSn 0 )
where q.Li,j =qutqua Tt q.Lj > S, = Sin(qLi) and

S, =sin(g,; +q,;,, +...+q,;) . By substituting (27) and (29)

1

into (26), the time derivative of the Lyapunov candidate
becomes

dV(eq) =-ieTPe=—leT{4CEI 0 }e—

d¢ 2 2 0 4cl
_ (30)
1 ,|D 0 1 ;|4cB"+D 0
—e e—-—e e
2 10 0 2 0 4el
in which
4cB'+D=
T 4c sym. |
2c+X/4,,S, 4c

XZIq.LZ,SSZ,S 2c+ X1qu3S3
: : 4¢
Xli-lq.L2,nS2,n XZ-Zq.LS,nSln -2c+X1n_qunS 4C

n n

Now, it must be proved that P in (30) is positive definite
matrix. P will be the positive definite matrix, if

determinants of all principal minors of 4cB” +D and 4cl
be positive. It is clear that, V¢ >0, 4¢l is a positive definite

matrix. The minors of 4cB” + D can be derived as follow

Minor, = 4c

Minor, = (6¢c— Xllq'LzS2 )(2c+ Xllq'LzSz)

Minor, =32¢* +¢* (16 X4,,S, +8X34,,,5,, +16X74,,S; )

+{—4(X;q“sz)2 ~4X14,,8,X3d,,38, 3 —(X3d12:8,5) —
4X,41558, 5 X7 4,58, —4(X[4,5S;)

+2X14,,8,X,G,,,5,, X745, =

€2y

(3+1)(2¢)* +lower order of ¢

Minor, = (i +1)(2¢)’ + lower order of ¢

It can be seen that the determinant of each minor is the
polynomial of degree i, and its greatest element is (i +1)(2c)" .
If ¢ is chosen big enough, the determinant of all minors will
be positive and the stability of disturbance observer is
guarantied. The first and second minors must be positive, so
the following condition must be satisfied

¢>0.5[X!d,0 (32)
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where ¢, denotes the maximum velocity of the second in which

. . . 1 - 2.

link. N(I)W> in (31) by .takln.g @ =X4,S,, a,=X{q,S; and My, =L+ L +m L+ my L +m, I, +mpo +mpL§ +

a, = X,4q,,S,, , the third minor becomes 2m,L,L,C, +2m L L,C,

Minor, =32¢° +¢* (16a1 +16a, + 8a3)+ M, =1, +mL;, + m,,Lé +myL,L,C, +m,LL,C,

. 33

c(-4a} —4a; —4a,a, —a; —4a,a,) +2a,a,a, (33) M, =1,+m,L, +mpL§
The worst condition that causes the determinant to be by ==2m,L,L,4,,4,,S, ~m,LiL,q},S, — (38)

negative is occurred when g, <a, <a, <0. So, replacing a;
and a; in (33) with a; yields

Minor, >32¢° +¢* (4Oa1 )+ c(-17a})+2a. (34)

If ¢=3|a|=-3a, then Minor; >-451a; >0. In the other
word, the following condition for ¢ must be satisfied
RN

By repeating the above procedure, it can be shown that for -
link robot manipulator by taking the parameter c as

c> 3xmax{|Xllc]Lmax2

1. 2.
’|X2quax2,3|’|Xl 9 rmax3

1. 1
|X1 quaxZ LR Xn—]quaXZ,n s
nx(n-1) 2. 2
> ( 2 xmax |X1 quax} ”"’|Xn72quax3,n > (36)
n-1 3
R Xn—(n—l)quaxn

matrix P is positive definite, and the observer (17) and (18) is
globally asymptotically stable. According to Property 2, the
dynamic model of the FJIM has no zero dynamics and it is
internally stable, so the proposed NDO by compensating the
estimated disturbances can improve the control response
performance.

5. SIMULATION STUDY

In this section, the proposed NDO is tested for the two-link
flexible joint robot manipulator. Here, the effectiveness of the
presented observer is verified by numerical simulations. In
the performed simulations external disturbances on the links
and motors are taken into account. The state feedback
controller on the base of the linear quadratic regulator (LQR)
is designed to stabilize the system and an optimal state
observer is designed to estimate the angular velocities. The
controllers are designed for the nominal model of
manipulators without considering the disturbances.

5.1. Deriving the Dynamic equations

According to the general form of the dynamic equation (1),
the dynamic equation of two-link planar flexible joint robot
manipulator can be written as follow (Korayem et al., 2008).

_Mll M12:||:qu}+{bl:|+|:hl:|+
(M, M, Gr» b, h,
kl(qu _qal):|:|:fdis411:|

k, (‘hz _qaZ) Jais 12

_Jl 0 :||:qal:|+|:kl (qal _‘hl):l _ {”1:|+[fdmzli|
L 0 J, ]| 4., k, (‘]az _CILz) U, Jaisa

(37)

2m,LiLyq,,4,,S, —m, L L,q;,S,

b, =m,L L ,q;,S, +m,L L,q; S,

h=mL,gC +m,L gC, +mpL1gC1 +

mzLL,ngL2 + mpngCl,z,h2 = mchngL2 + mpngCL2
J,=N}J, ., J,=NiJ,,

ml?

where L, L,, I,

1

and m; denote the length, mass center,

moment of inertia and mass of link 7, i=1,2 respectively. The
parameters used in the simulation study are given in Table 1.

Table 1. Parameters of the two-link FIM.

Parameters Values Unit
Payload mass m,=0 Kg
Mass of links m;=my=2 Kg
Length of links Li=L,=2 m
Center of mass L. =Lo=1 m
Inertai of links 1,=1,=0.6667 Kg.m’
Inertia of motors Imi=Jm=0.1 Kg.m2
Spring constants k1=k,=5000 N.m/rad
Gear ratio N=N,=3
Gravity acceleration =0 m/s’
5.2. Disturbance observer design
From (20) and (22), P and L become
a5 1 0 0O
7.1 +¢ 1 1.0 0||lM" o0
p(q.):c QLI. Eop) ,L=c s (39)
q. 0010 0 J
q., 00 01

Consequently, the nonlinear disturbance observer can be
obtained by substituting P and L into (17) and (18). The
parameter ¢ can be chosen based on (36) and by assuming
that the maximum joint velocity of each link does not exceed
1 rad/s, so one can write
€ > 0.5[X]d ] (40)
According to (40), the observer would be globally
asymptotically stable, if parameter ¢ is bigger than 4. Since
the bigger values of c accelerate the convergence of the
observer error, so the parameter c is chosen as 10 to have a
reasonable convergence rate. In the following, the details of
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designing the state feedback controller on the base of the
linear quadratic regulator (LQR) are presented.

5.3. State feedback controller and state observer

The state feedback controller is a more common approach in
the control of manipulator systems. In order to design this
controller, a linear state-space model of the manipulator is
obtained by linearizing the equations of motion of the system
about the operating point. The dynamic equations (37) can be
put in the nonlinear state space form as follow

x= flx)+gu,

where  the

(41)

state  vector x is defined as
x= [CIZ 40 4 da T - [xl L xg JT , the control input
vectoras u =[u, u,] ,and the functions f(.) and g(.) are
given by

Si=X, 1, =Xes f3= %7, [y = X,

r -1

fs}:|:M11(xz) MIZ(XZ):|
L f6 M,(x,) My

_{bl(xz,xs,xé)}_{hl(xl,xz)}{kl (x —xl)D
b, (x,,x5) hy (x,,%,) k, (x4 —xz)
_]’7} :{J[lk, (x1 —)@)}

| fs J;'k, (x2 —x4)
8=8=8=8=8=8=0,

g =Jiu, g = J3u,

(42)

This obtained nonlinear model, can be used for developing
the linear model. The linearized model about the operating
point (x,,u,) is obtained by applying the Taylor series
expansion to the set of equations (41) and (42) for a two-link
FIM which yields the following system

X = Ax+ Bu, (43)
where matrices A and B are given by
1%/ 0
A= al ,B= Eg (44)
Xy 9 (o)
So one can obtain the matrices A and B as follow
[0 0 0 0 1 0 0 0]
0 0 0 0 0 1 00
0 0 0 0 0O 0 1 0
4o 0 0 0 0 0 0 01
SS] SS2 S53 S54 SSS SSé 0 0 , (45)
S61 S62 S63 S64 S65 S 66 0 0
'k 0 =J'k, 0 0 0 00
| 0 Lk, 0 Lk, 0 0 0 0]
s[0 00000 ol
000000 0 J

;|

7 l(xo.up)
way for designing the state feedback controller is linear
quadratic regulator (LQR) technique. According to LQR
method, for the LTI system in (43), the following feedback
control law

where S, = for i=5,6 and j=I,...6. An appropriate

u,=-Kx, (45)

minimize the quadratic cost function

J= j(xTQx +u," Ru,)dt (46)
0

where Q is the symmetric positive semi definite matrix and

R is the symmetric positive definite matrix. The matrices Q
and R are called the state and control penalty matrices,
respectively. Here the 1qgr command in MATLAB software is
used to calculate the controller gain matrix K. In order to
evaluate the matrices 4 and B, the manipulator parameters are
substituted from Table 1 into Eq. (45). So by choosing the
matrices R and Q as follow

1 0
R= {O 5},Q=20><diag(l,l,l,l,l,l,l’l).

(47)

The controller gain matrix K is obtained as
|-16.745.6 22.8 -472 54 22 5.6 -2.5 48
58 -69 -51 9.6 26 0.7 -05 29 (48)

The matrices R and Q are adjusted in such a way that the rise
time of the system response is about 6 seconds. From the
practical point of view, often all the states are not measured,
so it is required to estimate the necessary unmeasured states.
Here, it is assumed that only the position variables are
available. So using the optimal state observer as follow

x=(4-BK-G'C)x+G"y, (49)

the velocity of links and motors can be estimated. In (49),

AT
£=[q¢" ¢ 1" is the vector of estimated states, K is the
controller gain matrix, Yy is the measured variables defined as

T
v=la 4] =[x
In the presence of state observer, the control law (46) is
rewritten as follow

X, ]T and G is the observer gain.

u, =K%, (50)

where X=[q" éT]T. By choosing the C and weighting

matrices W and V as follow
C:[]4><4 04><4:|’ 51
V =(0.0001)*diag(1,1,1,1),W = 50diag(0,0,0,0,1,1,1,1) G

The observer gain matrix G using the lqr(4’, C',W,V) in
MATLAB can be obtained. The values of weighting matrices
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W and V, depends on the amount of disturbance and sensor
noise exerted to the system. By increasing the W, the
disturbance are estimated more accurately, but the system
sensitivity to the sensor noise is increased. In the performed
simulations, noise on the measured signal is not considered
and the W is adjusted in such a way that the disturbance
signals are estimated with reasonable accuracy.

The control structure, including the state feedback controller,
state observer and the nonlinear disturbance observer, is
shown in Fig. 3, where the effect of disturbances is
compensated for by the outputs of the NDO.

External Internal

Disturbance Disturbance

r‘m s
l f(mt,dis / i
bot

¥=q
_’®—__’ .\%iulator
v
Disturbance ] [
Observer + -
A X State
[} :| Observer

q
Fig. 3. State feedback controller with the NDO and state
observer.

This control structure is implemented for the two-link FJIM
using the simulation toolbox of MATLAB. In this simulation,
the external disturbances are applied to the links and motors
as the different functions and the internal disturbances are not
considered. The initial value of the state vector and estimated
state vector are chosen to be
X(0)=%(0)=[1.51.51.51.5000 0]

The other robot parameters used in these simulations are
listed in the Table 1. All simulations are performed for two
cases, controller without disturbance observer and controller
with disturbance observer. The applied disturbance functions
to the links and motors, and their estimated functions are
shown in Fig. 4 to Fig. 7. As it can be seen, the NDO can
estimate the applied disturbance acceptably, even for rapid
time-varying signals. The angular positions of the links with
NDO (solid line) and without NDO (dotted line) are
demonstrated in Fig. 8 and Fig. 9. The steady state errors of
the links with NDO and without NDO are less than 0.02 and
0.27 Rad, respectively. The angular positions of motors are
very similar to the angular position of links, so they are not
shown here. The angular velocities of the links and motors
and their estimated values are shown in Fig. 10 to Fig. 13. As
it can be seen, in the presence of NDO, the regulating
performance is improved and the effect of disturbance on the
system outputs is reduced significantly, also the state
observer estimates the velocities accurately. In Fig. 14 and
Fig. 15, the applied control torque in motors with and without
NDO is shown. It can be seen that adding the NDO to the
system does not exert the large control effort to the system
and there is no big difference in two cases. Consequently, it

can be seen from the simulation results, adding the NDO to
the control loop improve the regulating performance and
increase the stability of the system against the applied
disturbance.
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Fig. 4. Applied and estimated disturbance on the first link.
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Fig. 5. Applied and estimated disturbance on the second link.
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Fig. 6. Applied and estimated disturbance on the first motor.
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Fig. 7. Applied and estimated disturbance on the second

motor.
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Fig. 12. Angular velocity of the first motor.
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Fig. 14. Control input of the first motor.
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Fig. 15. Control input of the second motor.

6. CONCLUSION

In this paper, a nonlinear disturbance observer for the serial
n-link planar FJM is presented. The FIM is an underactuated
system; that is, the number of actuators is lower than the

degrees of freedom. But according to the Spong model of the
FIM, it is proved that its dynamic model has no zero
dynamics and the closed loop system is internally stable. On
the base of this property, the NDO law is proposed for FIM
and by choosing the proper Lyapunov candidate, the stability
analysis is performed by using the Lyapunov’s direct method.
Designing the proposed disturbance observer is so simple so
that it is not required to have the disturbance model, and only
one design parameter must be tuned to attain the desirable
performance. By compensating the estimated disturbance via
the NDO, the control response performance is considerably
improved in the regulation control. Applicability of the
observer is tested for a two-link FIM. To this end beside the
proposed NDO, the LQR state feedback controller and
optimal state observer are also designed to stabilize the
system. Simulation results show the effectiveness of the
method to estimate and compensate the applied disturbances
accurately.

REFERENCES

Abdollahi F., Talebi H.A., Patel R.V. (2006). A stable neural
network-based observer with application to flexible-joint
manipulators. I[EEE Transactions on Neural Networks,
17(1), 118-129.

Alici G., Kapucu S., Baysec S. (2006). A robust motion
design technique for flexible-jointed manipulation
systems. Robotica, 24(1), 95-103

Bona B., Indri M. (2005). Friction compensation in robotics:
An overview. In Proceedings of the IEEE Conference on
Decision and Control, 4360-4367, 2005.

Chang Y.C., Yen H.M. (2011). Robust tracking control for a
class of electrically driven flexible-joint robots without
velocity measurements. Advanced Robotics, 85(2), 194-
212, doi: 10.1080/00207179.2011.643241.

Chen W.H., Balance D.J., Gawthrop P.J., Reilly J.O. (2000).
A nonlinear disturbance observer for robotic
manipulators. IEEE  Transactions on  Industrial
Electronics, 47(4), 932-938.

Chien M.C., Huang A.C. (2007). Adaptive control for
flexible-joint electrically driven robot with time-varying
uncertainties. IEEE  Transactions on  Industrial
Electronics, 54(2), 1032-1038.

Fateh M.M., kashani M.S. (2013). Decentralized direct
adaptive fuzzy control for flexible-joint robots”, Journal
of control engineering and applied informatics, 15(4), 97-
105.

Huang A.C., Chen Y.C. (2004). Adaptive sliding control for
single-link  flexible-joint robot with mismatched
uncertainties,” IEEE Transactions on Control System
Technology, 12(5), 770-775.

Katsura S., Matsumoto Y., Ohnishi K. (2010). Shadow robot
for teaching motion. Robotics and Autonomous Systems,
58(7), 840-846.

Kim B.K., Chung W.K. (2003). Advanced disturbance
observer design for mechanical positioning systems. [IEEE
Transactions on Industrial Electronics, 50(6), 1207—1216.

Korayem A.H., Rahagi M.I.,, Babaee H., Korayem M.H.
(2015). Maximum load of flexible joint manipulators
using nonlinear controllers. Robotica,
DOI: http://dx.doi.org/10.1017/S0263574715000028.



32

CONTROL ENGINEERING AND APPLIED INFORMATICS

Korayem M.H., Nikoobin A. (2008). Maximum payload for
flexible joint manipulators in point-to-point task using
optimal control approach. International Journal of
Advanced Manufacturing Technology, 38(9-10), 1045-
1060.

Kordaz M., Madonski R., Przybyla M., Sauer P. (2012).
Active disturbance rejection control for a flexible-joint
manipulator. Lecture Notes in Control and Information
Sciences, 422, 247-256.

Mohammadi A., Tavakoli M., Marquez H.J. (2011).
Disturbance observer based control of nonlinear haptic
teleoperation systems. IET Control Theory and
Applications, 5(17), 2063-2074.

Mohammadi A., Tavakoli M., Marquez H.J., Hashemzadeh
F. (2013). Nonlinear disturbance observer design for
robotic manipulators. Control Engineering Practice, 21,
253-267.

Moldoveanu F., Comnac V., Floroian D., Boldisor C. (2005)
Trajectory tracking control of a two-link robot
manipulator using variable structure system theory.
Journal of control engineering and applied informatics,
7(3), 56-62.

Morales J.D.L., Leal J.G.A., Linares R.C., Gallegos J.A.
(2001). Control of a flexible joint robot manipulator via a
non-linear control observer scheme. International Journal
of Control, 74(3), 290-302.

Nikoobin A., Haghighi R. (2009). Lyapunov-based nonlinear
disturbance observer for serial n-link robot manipulators.
Journal of Intelligent and Robotic Systems, 55(3), 135-
153.

Lahdhiri T., Elmaraghy H. (1999). Design of an optimal
feedback linearization-based  controller for an
experimental flexible joint robot manipulator. Optimal
control application and methods, 20, 165-182.

Lee J.,, Ha T.J,, Yeon J.S., Lee S., Park J.H. (2007). Robust
nonlinear observer for flexible joint robot manipulators
with only motor position measurement. International
Conference on Control, Automation and System, 56 — 61,
doi: 10.1109/ICCAS.2007.4406879.

Luca A.D. (2000) Feedforward/feedback laws for the control
of flexible robots. IEEE International Conference on
Robotics and Automation, 233-240, doi:
10.1109/ROBOT.2000.844064

Ohnishi K., Shibata M., Murakami T. (1996). Motion control
for advanced mechatronics. IEEE/ASME Transactions on
Mechatronics, 1(1), 56-67.

Ozgoli S., Taghirad H.D. (2006). A survey on the control of
flexible joint robots. Asian journal of control, 8(4), 1-15.

Park Y.J., Chung W.K. (2013). External torque-sensing
algorithm for flexible-joint robot based on Kalman filter.
Electronics Letters, 49(14), 877-878.

Qin J., Leonard F., Abba G. (2012). Non-linear observer-
based control of flexible-joint manipulators used in
machine processing. 11th Biennial Conference on
Engineering Systems Design and Analysis, 251-260, doi:
10.1115/ESDA2012-82048.

Salmasi H., Fotouhi R., Nikiforuk P.N. (2009). A manoeuvre
control strategy for flexible-joint manipulators with joint
dry friction. Robotica, 28(4), 621-635.

Sefriti S., Boumhidi J., Naoual R., Boumhidi I. (2012).
Adaptive neural network sliding mode control for
electrically-driven robot manipulators. Journal of control
engineering and applied informatics, 14(4), pp. 27-32.

Shendge P.D., Suryawanshi P.V. (2011). Sliding mode
control for flexible joint using uncertainty and disturbance
estimation. Proceedings of the World Congress on
Engineering and Computer Science, San Francisco, USA,
216-221.

Himada N., Ohishi K., Kumagai S., Miyazaki T. (2010).
Smooth touch and force control to unknown environment
without force sensor for industrial robot. 11th IEEE
International workshop on Advanced Motion Control, 36—
41, doi: 10.1109/AMC.2010.5464053

Siciliano B., Khatib O. (2008). Springer handbook of
robotics, Robots with Flexible Elements. Springer-Verlag
Berlin Heidelberg.

Sneider H., Frank P. (1996). Observer-based supervision and
fault detection in robots using nonlinear and fuzzy logic
residual evaluation. IEEE Transactions on Control
Systems Technology, 4(3), 274-282.

Spong M.W. (1987). Modeling and control of elastic joint
robots. Journal of Dynamic Systems, Measurements, and
Control, 109 (6), 310-319.

Taghirad H.D., Belanger P.R. (2001). H infinity based robust
torque control of harmonic drive systems. Journal of
Dynamic Systems, Measurements, and Control, 123(3),
338-345.

Talebi H.A., Patel R.V., Wong M. (2002). A neural-network
based observer for flexible-joint manipulators. IFAC,
15th Triennial World Congress, Spain.

Yang Z.J., Tsubakihara H., Kanae S., Wada K., Su C.Y.
(2006). A novel robust nonlinear motion controller with
disturbance observer. IEEE International Conference on
Control Applications, 320-325, doi: 10.1109/CACSD-
CCA-ISIC.2006.4776666.

Yun J.N., Su J.B. (2014). Design of a disturbance observer
for a two-link manipulator with flexible joints. IEEE
Transactions on Control System Technology, 22(2), 809-
815.

Zhongyi C., Fuchun S., Jing C. (2008). Disturbance observer-
based robust control of free-floating space manipulators.
IEEE Systems Journal, 2(1), 114-119.

Zirkohi M.M, Fateh M.M., Shoorehdeli M.A. (2013). Type-2
fuzzy control for a flexible-joint robot using voltage
control strategy. International Journal of Automation and
Computing, 10(3), 242-255.



