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Uncertainty and Disturbance Estimation
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Index Terms—sliding mode control, uncertainty and distur- feedback controller for trajectory tracking control problem
bance estimation, flexible joint. of robotic manipulators with flexible joints is proposed in
Abstract—This paper proposes sliding mode control based [4]. The design requires position measurements on the link
?rgcuknr?ertcﬂrr:go?%df ﬁf;?ggaﬂoﬁﬁtersgggg‘éo;(gtzri)’ Ij’lr)tEraij:CJg% as well as the motor side and the velocities required in the
] . .
to estir%ate plant uncertaintjy and disturbgnces. The controller controller are estimated through a reduced Orqer obse_rver.
does not requires knowledge of plant uncertainty and external Further, robustness of the closed loop system is established
disturbance. Reaching phase is eliminated for robustification. by assuming that the uncertainties satisfy certain conditions.
The perturbation is efficiently compensated by feedback of the A singular perturbation approach is employed for the same
Dlant states acoording to this model. The closed oop stabiy for 2 [oh Wherein the controller needs measurements of
an . o ; . -
?his model with unce?tainty and disturbance is alsé)propost}éd. position a_nd elastic for_ce. A nonlm.ear S"d'.”.g mode Stat?
observer is used for estimating the link velocities and elastic
Index Terms—sliding mode control, uncertainty and distur-  force time derivatives. A Feedback Linearization (FL) based
bance estimation, flexible joint. control law made implementable using extended state ob-
server (ESO) is proposed for the trajectory tracking control of
I. INTRODUCTION a flexible joint robotic system in [6]. Controller design based

The problem of joint flexibility has received considerabl@" the integral manifold formulation [7], adaptive control
attention as the major source of compliance in most preségk adaptive sliding mode [9] and back-stepping approach
day manipulator designs. This joint flexibility typically arised10] aré some other approaches reported in the literature.

due to gear elasticity, shaft windup, etc., and is important Most of the schemes that appeared in literature have certain

the derivation of control law. Perhaps it is more critical to adSSU€s that require attention. Firstly many of them require

count for the joint flexibility when dealing with force controlMeasurements of all state variables or at least the position
problems, than it is for pure position control. Joint flexibility¥@riables on link and motor side. Next robustness wherever
must be taken into account in both modeling and control ff@ranteed, is often highly model dependent. Also some need

order to achieve better tracking performance, for practic%[ﬂowmdge of certain characteristics of the uncertainties, such

applications. Unwanted oscillations due to joint flexibility@S its bounds. A variable structure observer that requires only

imposes bandwidth limitations on all algorithm designdnéasurement of link positions to estimate the full state of a
based on rigid robots and may create stability problerfl'?x'bIe joint manipulator is proposed in [11]. Additionally
for feedback controls that neglect joint flexibility. Controf réduced adaptive observer that requires the measurement
of flexible joint has been an important research topic afti [Nk and motor positions is reported in [12] and a MIMO
received considerable attention after 1990. The importar@@Sign for the strongly coupled joints in [13].

of joint flexibility in the modeling, control, and performance The design of robust, model following, sliding mode, load
evaluation of robot manipulators has been established fogquency controller for single area power system based on
several researchers. Spong used a singular perturbation mathekertainty and disturbance estimator (UDE) is discussed
of the elastic joint manipulator dynamics and showed forde [14]. The literature on UDE also mentions control of
control techniques developed for rigid manipulators can hmcertain LTI systems [15], model following sliding mode
extended to the flexible joint case [1]. A completely lineacontrol [16], Ackermann’s formula for reaching phase elimi-
algorithm is proposed for composite robust control of flexibleation [17], robust model following based on UDE [18]. The
joint robots. Moreover, the robust stability of the closed loopontrol proposed does not require the knowledge of bounds
system in presence of structured and unstructured uncertaihuncertainty and disturbance and is continuous.

ties is analyzed. To introduce the idea, flexible joint robot |, ihis paper, SMC is proposed to control flexible joint

with structured and unstructured uncertainties is modeled %‘Anipulator with uncertainty and disturbance. A nonlinear
converted into singular perturbation form [2]. disturbance is considerd here and reaching phase is elimi-
In literature, a number of feedback control schemes haygieq for robustification. The plant model is controlled to

been proposed to address the issue of joint flexibility. fyoy the desired states and the uncertainty and disturbance
sliding mode control based strategy [3] is proposed th@t ostimated with UDE.

needs knowledge of the bounds of uncertainty and also the ) ] ) )
complete state vector for its implementation. A dynamic 1N€ Paper is organized as follows: Section Il describes the
problem statement. The mathematical model is explained in
Manuscript received July 4, 2011; revised August 12, 2011 Section Il and Section IV explains the stability analysis.
* Pramod D. Shendge is with the Department of Instrumentation & numerical example is explored in Section V. Simulation
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Il. PROBLEM FORMULATION and hence fulfills the objective of the model following.
Reviewing the continuous plant defined as, Using (4), (9) and (10) gives,
o(t) = Az(t)+ Bu(t) +d(t) 1) 6 = T Az +bTbu+bTbe(z, t) — b7 Ama — b bmum (12)
y = Cux(t) = bTbLe — bTbMus, + b bu + b7 be(x, t)
A=A,.+AA B=B,.+AB Let the required control be expressed as,
Here ‘nc’ denotes the normal part of uncertain continuous U= Up + Ueg (13)

time system.(t) is n-dimensional plant state vectou(t) .
is control input vectord(t) is external disturbanceA A and Selecting,
AB are the uncertainties in the system matrix. _ Ton—1
Assumption 1:The uncertaintiesAA, AB and distur- teq = —La+ Mum — (b70) ko (14)
banced(z, t) satisfy matching conditions given by, where, k is a positive constant.

AA=BD AB=BE d(z,t)=Bu(zt) (2) om(12) and (14)we get,

- _ 3T T
The system (2) can now be written as, G = b bun + 0" be(x,t) — ko (15)
i(t) = Ax(t)+ Bu(t) + Be(t) (3)  Thelumped uncertainty(z, ¢) can be estimated; as given
in [15]. Rewriting this equation,
y = Cu(t)
— (pTpy—1( _
where,e(z,t) = Dz + Eu + v(x,t). e(z,t) = (b70) (6 + ko) —un (16)
Reference model that generates desired trajectory as a LTjt can be seen that lumped uncertaintfz,t) can be
system can be defined as , computed from (16), which cannot be done directly.
im(t) = Am@m(t) + Bunum(t) (4) Let the estimate of the uncertainty be defined as,
Assumption 2:The choice of model is such that, Using (16) and (17)
A— A, =BL ) é(xz,t) = [(bT0) Yo + ko) — un]Gy(s) (18)
By, = BM (6) where,G(s) is strictly proper order, low pass filter, with

Control objective is to find a control input “that makes UNity gain and enough bandwidth. With such a filter,

the states of the plant; asymptotically track the response of &(z,t) = e(z, ) (19)
a reference model (4). ’ ’

Assumption 3:The lumped uncertainty(x,t) is such Error in the estimation is,
that,

e(x,t) = e(x,t) — é(x,t) (20)
é#0, for i=1,2,...,(r—1) @)
e=0, for i=r (8) B. UDE with first order filter
where,r is any positive integer. If Gy(s) is proper first order, low pass filter, with unity
gain defined as,
. 1
A. Design of Control = 21
g Gy(s) = —5 (21)

The main objective of this controller is to eliminate
uncertainty and disturbance in the system and command”

desired tip angle position. . L
In this section, a model following control is designed With the aboveG(s) and in view of (16), (18) and (20),

with help of method suggested in [16]. Sat) = (1-— Gf(s))[(bTb)‘l(d + ko) — un) (22)
= 71é(z,t)Gs(s)

Qere,r is small positive constant.

Define a sliding surface [17]
The error in estimation varies with, enabling design of

Uy, as,

where, U, = —é(z, 1) (23)

c=blz+z2 9)

2= —=b"Apr — b bpunm  2(0)=—-b"z(0)  (10)  Combining (23) and (18)

Equation (10) for the auxiliary variable defined here is Up = —(b70) N6 + k)G (s) + Gr(s)un (24)
different from that given in [17]. By virtue of the choice of
the initial condition onz, o = 0 att = 0. If a controlu can ~ Solving for u,, gives,

be designed ensuring sliding, thén= 0 implies; (7)1 ko
= — 2
& = Am + byt (11) i et (29)
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I1l. M ATHEMATICAL MODEL where,i = [&1 @9 3 x'4}T
We consider a single link manipulator, with revolute joint 0 1 0 0

actuated by DC motor and model the elasticity of the joint Ksii F 0 Kt F; 0 0
as a linear torsional spring with stiffnegs. The equations 4 _ Jeq Jeq B = 0
of motion for this system as taken from [19] are, 0 0 0 1 0

Ksiiff Kt 5

. . —F 0 - F; —F
I¢i + MgLsin(q1) + K(g1 —¢q2) = 0 Jeq Jeq
Jigo—K(qg1 —q2) = u (26) For the desired output, the relative outpyt can be

differentiated in proper manner. In order to satisfy the model
where,q; andg; are the link and motor angles respectivelyfollowing conditions, the above system (31) is converted to
1 is the link inertia,J being the inertia of motork is the phase variable form by using the transformation,
spring stiffnessy is the input torque, and/ and L are the
mass and length of link respectively. The tracking problem z=Tz
for the system of (26) is to find a control which ensureShen the Eq. (31) can be written as [6],
gy (t)—q1(t) = 0 for given initial states wherg; (¢) is desired

trajectory forg (¢). i=Az4+BV, (32)
The equations of motion for the Quanser’s Flexible Joint . . . . .aT
. . where,z = [21 22 23 Z4]
module as given in [20] are, )
X 0 1 0 0
9_|_F19' _ Dhstiff = RV, 0 0 1 0
Jeq A = 0 0 0 1
5 Kstn‘f(n]quF Jarm) Kt I Kstiff(Jeq“v‘ Jarm)
0— 0+ = KV, 27 0 - — -F
! Jeqam ? @7 I Jarm Jeqam !
where, i 0
, 0
A nmngKthKg + BegRm B = 0
Fl - Jequ and KStiff F2
5o A NmNg K Km L Jam
, & Imlgtthm
Jegltm IV. STABILITY ANALYSIS
The parameters are € is motor load anglep is link Using Eq. (17)
joint deflection,n,, is the motor efficiencyy, is the gearbox é(x,t) = e(x,t) Gy(s) (33)
efficiency, K, is the motor torque constank,, is the back )
EMF constant,K, is the gearbox ratioBeq is the viscous ChoosingG(s) from Eg. (21)
damping coefficient,R,, is the armature resistancedeq is e t) = elxi) 1
the gear inertiaK g is the spring stiffness/am is the link ’ o rs+1
inertia, andV,,, is the motor control voltage. é(z,t)(rs+1) = e(z,t)
Considering the output of the system @s= 0 + «, the é(x,t)(1s) + é(x,t) = e(a,t) (34)

d ics (27) in t dé is re-writt , .
ynamics (27) in terms of and#@ is re-written as Simplifying Eq. (34) and using Eq. (20)

K Ky .
o= S Fy - Tyl (28) Tété=e
eq eq . : L
K K Adding and subtractingé on LHS and simplifying,
0 = Jj(':fyi J::fefFlGJngVm (29) Té-i—Té—Té e—6
7 J —Té = é—rTé
+ 1
where F; 2 (1 - eqa"") E = ——é+eé (35)
Jarm T
Defining the state variables as; = y, 22 = § = i1, Using Eq. (15), (20) and (23)
x5 =0, 4 = 0 = i3, the dynamics (28)—(29) become, 6 = —=bbé+bTbe—ko
. bI'bé — ko (36)
r1 = X2
. KstiﬁF The dynamics of the flexible joint can be represented in
2= Jeq slz1 = z3) state space form using equations (35) and (36) as,
T3 = T4 sl _[-k ®"b)] [o] , [0].
T -1 B e
ta = 77 (1 —x3) — Froa + 12V, (30) € = €
eq

This satisfies the separation principle. The eigen values are
decided by constant and filter constant-, thus ensuring
stability. The appropriate choice &f andr ensures sliding
variablecs and lumped uncertainty tend to zero.

The state space form for (30) can be written as,

i=Axz+ BV, (31)
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V. EXAMPLE

In order to illustrate the proposed control algorithm, a
single flexible link with flexible joints is considered. Sim-
ulation is performed to demonstrate the effectiveness, of the
proposed control algorithm. Numerical dynamic model of
this system from [20] is as follows;

i [0 1 0 0 T
o B 0 0 1 0 T2
i - 0 0 0 1 T3
Ty | 0 —10007 —837 —28 T4
[0 ‘
0 -
+ 0 Vin (38)
| 10007
The initial conditions arex(0) = [0 0 0 0]. This
nominal values of the various flexible joint parameters a

L
0 1 2 3 4 5 %
time in sec

from [20]: Kyirp=1.248 N — m/rad, 7,,=0.69, 1,=0.9,
K;=0.00767 N — m, K, = 70, J.,=0.00258 kg — m?,
Jarm=0.00352kg — m?, R,,=2.6 .

The model to be followed is assumed as;

(a) Plant and Model State;

P P L
0 1 2 3 4 6 1 8 9 0

5
timein sec

(b) Plant and Model States

Ty fo 1 0 0 T, [
ZLomy _ 0 0 1 0 Ty ’ i
T - 0 0 0 1 Ty 3
T | 0 —560 —320 —85 Lo,
[0 P
0 .
+ 0 Vm (39) RO
| 160
with initial conditions arex,,(0) = [0 0 0 0]. The
disturbanced(t) = 2sin(t), is sinusoidal with amplitude 2
and frequency tad/sec and uncertainty in the plant is 40%.

) I
0 1 2 3 ¢ § 6
{ime n sec

VI. SIMULATION

The simulation studies reveal the results as shown in Fig.
1 — Fig. 4. Fig. 1 and Fig. 2 show the results for= 1

(c) Plant and Model States

4 L L L
0 1 2 3 4 6 1 ) 9 0

5
timeinsec

(d) Plant and Model State,

and k = 5 respectively, when the value af is 10 ms.
Fig. 1(a)-1(d) are the plant states i.e. displacement, veloci =
acceleration and jerk, wheh= 1 andr = 10 ms. The plant
and model states are plotted in this window. Fig. 1(e) sho\
the control torque required and the Fig. 4(f) shows slidin
variable (9. The uncertainty in the plant is considered 409
(in both i.e. state matriXd and input matrixB). The tracking
performance is improved as the gdins increased to 5. This ™
is shown in Fig. 2(a)-2(f). .
Fig. 3 and Fig. 4 shows the results fer=1 andk = 5
respectively, when the value ofis 1 ms. The figure reveals

the ability of the controller, to drive the system to follow . -~ o v v )
the reference model. It is easily observed that system tneinsec
robust even in presence of parameter variations and external

- . (e) Controlu
disturbance. Controller is able to force the plant to follow

0 1 2 3 4 ] 1 ) 9 0

5
timein sec

(f) Sliding Variableo

the given model inspite of parameter variations. Fig. 1: State tracking, Control and Sliding variable for= 10

ms andk = 1
VII. CONCLUSION

In this paper, a trajectory tracking controller for flexible
joint system, based on uncertainty and disturbance estimation
(UDE) is proposed. The uncertainties and disturbance is
estimated and compensated in the system performance. This
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e
= =Nl

I
time in sec

(a) Plant and Model State;

5
timein sec

(b) Plant and Model States

Xy & Xy,

—
== |

v s
timein sec

(c) Plant and Model States

5 6
timein sec

(d) Plant and Model State,

control

timein sec

(e) Controlu

5
timein sec

(f) Sliding Variableo

= Plant
= Model|

time in sec

(a) Plant and Model State;

5 6 7 8 9 0
timein sec

(b) Plant and Model States

= Plant
= Model|

= Plant
= Model

(c) Plant and Model States

control

0 1 2 3 4 6 1 8 il pul

5
time in sec

(e) Controlu

0 1 2 3 4 5
timein sec

(f) Sliding Variableo

Fig. 2: State tracking, Control and Sliding variable for= 10  Fig. 3: State tracking, Control and Sliding variable foe= 1

ms andk = 5

ISBN: 978-988-18210-9-6

ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

ms andk =1

WCECS 2011



Proceedings of the World Congress on Engineering and Computer Science 2011 Vol I

WCECS 2011, October 19-21, 2011, San Francisco, USA

T
—Plant
= Nodel

T
— Pl
= = Mogel

Xm

timein sec time in sec

(a) Plant and Model State; (b) Plant and Model States

T T
— Pt — Pl
= ~Moge = Nodel

x

- - L PRI
o1 2 3 B9 0 [ S A R 67 8 9 W

&5 6 5
timein sec timein sec

(c) Plant and Model States (d) Plant and Model State,

control
o

PRI L L - - L PRI
o1 2 3 B9 0 LIS S A R 67 8 9 W

45 6 5
timein sec time in sec

(e) Controlu (f) Sliding Variableo

Fig. 4: State tracking, Control and Sliding variable foe= 1
ms andk = 5
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is demonstrated through simulation. The control strategy
includes Ackerman’s method, which eliminates reaching
phase to robustify the system. UDE is used to estimate
the uncertainties and disturbance. The model is decided and
control is designed to force the plant trajectories to track the
model states. The plant follows the model states, even in the
presence of uncertainties and disturbance. The results prove
that the system performance is robust to parameter varia-
tions and external disturbances. The tracking performance is
improved as the filter time constantbecomes small. The
performance also shows marked improvement as the value
of k is increased. The performance can be further improved
by using a higher order filter.
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