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Abstract: This paper presents an adaptive actuator failure compensation method, 
which compensates for uncertainties due to unknown actuator failures and system 
dynamics, for a class of redundant manipulators where some joints concurrently 
actuated. Physical realization of concurrently actuated manipulators and their 
advantageous of use have been understood before, but adaptive failure com
pensation is still an open issue. In this research, failure formulation, controller 
structure and adaptive update rules for handling uncertainties from both the 
system dynamics and the failures are studied. The system stability is shown by 
a modified Lyapunov. Simulation results show the effectiveness of the proposed 
adaptive failure compensation control design, Copyright © 20031FAC 
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1. INTRODUCTION 

This research intends to investigate a new method 
for actuator failure compensation for redundant 
manipulators. It starts with motivation for this 
research: redundancy and actuator failure com
pensation in robotics, and continue by explaining 
the need for a concurrently actuated manipulator, 
studying the physical realization aspects of con
currently actuated manipulators, and proposing a 
new control method for post-failure control, where 
the number and location of the failed actuators as 
well as the failure values are unknown. 

When high system reliability and safety are ex
pected from a robotic manipulator, fault tolerance 
is employed into system design for applications 
where the task of the manipulator is too im-
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portant to stop during the operation because of 
a failure, such as hazardous environments such 
as nuclear waste handling, surgery, or it is too 
difficult to give service to the manipulator after it 
fails, such as space and underwater applications. 

In order to make the manipulator fault tolerant 
capable, mostly in the literature, it is built as a 
kinematically redundant manipulator. The degree 
of freedom (DOF) determines the kinematic re
dundancy of the manipulator in its workspace. 
The number of joints of the manipulator deter
mines the DOF of the manipulator. This charac
teristic shows the reach ability of the manipulator 
with arbitrary orientation in its workspace. 

In kinematically redundant manipulators, before 
a failure occurs, the redundancy can be used 
to optimize the motion of the manipulator. The 
optimization criteria. can be minimization of the 
joint disturbance torque for independent joint 



controlled manipulators (Choi, 1999), optimiza
tion of the manipulator motion with end-effector 
path constraints (Galicki, 1998), or multiple crite
ria (Li et al., 1998) such as motion optimization, 
minimum time, minimum energy, and minimum 
distance. After the failure occurs, different algo
rithms are used to detect the failure and isolate 
the failed joint, such as observers (Caccavale and 
Walker, 1997), position and velocity tracking er
rors (Shin. and Lee, 1999), full manipulator dy
namics (Dixon et al., 2000), and neural networks 
(Vemuri et al., 1998). By isolating the failed joint, 
new mechanical and control structures are used to 
drive the failed manipulator (Ting et al., 1994). 

Another way of making a manipulator redundant 
is by using concurrent actuators at the joints 
(Monteverde and Tosunoglu, 1997), (Morrell and 
Salisbury, 1998). Redundancy is introduced and 
different manipulator mechanical architectures 
are ranked with fault tolerance measure for fault 
tolerance capacity in (Monteverde and Tosunoglu, 
1997) . By using fault tolerance capacity, designers 
of the manipulator can categorize the manipulator 
mechanical structure. A parallel-coupled micro
macro actuator system has been designed by Mor
reIl and Salisbury in (Morrell and Salisbury, 1998) 
to achieve a low impedance system and a wide 
range of applied force. In concurrently actuated 
manipulators, unknown actuator failure compen
sation by adaptive control without detecting the 
failure is an ongoing research. 

This paper is organized as follow: Physical realiza
tion of the concurrent actuated joints for robotic 
applications is explained in Section 2. actuator 
failures in concurrent actuated systems are stud
ied in Section 3. Section 3.1 states the actuator 
failure problem formulation in robotics. In Section 
3.2, a new adaptive algorithm for control a redun
dant manipulator with actuator failures (whose 
location, number and failure value are unknown) 
is developed. Simulation results for the designed 
control algorithm are presented in Section 4. Sec
tion 5 gives the conclusions of this research. 

2. REALIZATION OF CONCURRENT 
ACTUATED JOINTS 

It is practically possible to connect different ac
tuators mechanically to build a concurrent actu
ated joint. In (Monteverde and Tosunoglu, 1997), 
instead of having a single actuator at the link, 
another actuator is also attached to the same link, 
allowing the joint to still be controllable, in case 
any of the actuators fails. When the failure occurs, 
the failed actuator can be disengaged by a clutch 
mechanism, so the remaining actuator can still 
drive the system. An example of a dual actuator 
system is shown in Figure 1. Dual actuation can 
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also be used to eliminate the backlash effects and 
torque saturation at the joint. Instead of a gear 
box, a belt drive is used in (Morrell and Salis
bury, 1998), where a micro-actuator is directly 
attached and a macro-actuator is coupled by a 
compliant transmission to the joint axis, which is 
shown in Figure 2. 

Fig. 1. Dual actuation system. 

Fig. 2. Parallel-coupled micro-macro actuators. 

As an alternative of using separate actuators and a 
mechanical connection to form a concurrent actu
ated joint, the actuator itself can be built so that 
it is redundant. In (Mecrow et al., 1996), by using 
separate stator winding phases which are elec
trically, magnetically, thermally, and physically 
independent of all others, fault-tolerant actuator 
is achieved, shown in Figure 3. Another way of 
creating a dynamically redundant actuator is to 
use a multiple segment/modular motor (Ertugrul 
et al., 2001), where two segments of the electric 
motor have separate stator winding, while sharing 
the same rotor, which is illustrated in Figure 4. 

Fig. 3. Parallel phase stator windings. 
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Fig. 4. Multiple segment modular motor. 

3. ADAPTIVE ACTUATOR FAILURE 

COMPENSATION 

The problem of compensating for the actuator 

failure in concurrent actuated systems has been 

studied for flight control systems. In (Tao et 

al., 2001) , the actuator failure case is such that , 

m actuators are connected concurrently, up to 

P actuators may fail and remaining actuators 

are still capable of driving the system. After 

the unknown time of failure, the failed actuator 

applies constant unknown input to the system. 

Under these conditions, the authors designed an 

adaptive control law, proved the system stability 

showed the desired system performance and by 

simulation results showed the system stability. 

In this paper, an adaptive compensation scheme 

for concurrently actuated manipulators, where at 

the ith joint m; actuators are connected concur

rently is developed. After P number of actuators 

fail at unknown times and apply unknown con

stant torques , the adaptive controller stabilize the 

system, the tracking error converges to zero and 

all system signals are bounded. 

9.1 Problem Formulation 

In a concurrently actuated manipulator system, 

the actuator failure compensation problem is for

mulated as follows 

The general dynamic model of the manipulator 

system is formulated as 

D(q)ij + C(q, q)cj + g(q) = T (1) 

where q, q, ij are joint variables position, velocity 

and acceleration vectors; D(q) E R nxn is the 

inertia matrix, C ( q, cj) E Rn x n is the Coriolis and 

centrifugal term, g(q) E Rnx } is the gravity term, 

T E Rnx} is the joint torque vector, and n is the 

degree of freedom (number of joints). 

In a concurrent actuation case, at the ith joint, 

i E {I , 2, ... , n}, mi actuators are connected con

currently and the number of concurrent actuators 

mi can be different at each joint. For the ith. joint, 

the manipulator dynamics is written as 
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The joint torque is formulated as 

T; = Ti} + T;2 + . . . + Timi (3) 

where Tij is the torque applied to ith. joint by the 

lh actuator. The actuator failures are modeled as 

lij 

Tij(t) = LT;jk/ijle(t), t ~ tij, (4) 
k=} 

for j = I,2, .. . ,m; and i = I,2, ... , n, with 

some unknown constant Tijle and known failure 

signal /ijlc(t), where the failure time instant tij is 

unknown (Tang et al., 2002). One special case of 

the failure model is that 

(5) 

with an unknown constant value Tij, which is 

under consideration in this paper as a common 

failure model in manipulator systems. 

The basic assumption for the existence of an adap

tive compensation scheme for unknown system 

and failure parameters is: 

(A.I) the system (1) is designed such that for each 

joint in the presence of up to m, - 1 actuator 

failures, the concurrently actuated manipulator 

system can still achieve a desired control objective 

by the remaining actuators, when implemented 

with known system and failure parameters. 

The main objective of adaptive control is to adjust 

the remaining actuators to achieve the desired 

system performance, when there are up to m, - 1 

unknown actuator failures in the ith joint and 

parameter uncertainties of the system. As seen 

from the following design and analysis, the basic 

assumption (A.I) is satisfied for the system (1) . 

When Pi actuators are failed at the ith joint, that 

is, T;j(t) = Vij(t), where Vij(t) is the applied 

control input to be determined, for j f. j}, ... ,jPi , 

and Tij(t) = T;j, where Tij is an unknown constant 

torque produced by a failed actuator, for j = 
j}, . . . ,jPi' the dynamic equation (2) becomes 

D;(q)ij + C,(q, cj)cj + gi(q)=LVij(t) + LT;j, (6) 
j:f.il ,···,jPi j=il ,···,jPi 

with {j}'h, ... ,jpJC {I, 2, ... , mi} indicating a 

certain failure pattern. 

The control objective is to design a feedback 

control law Vij(t) for the dynamic system (6) 

to ensure that all closed-loop system signals and 

parameter estimates are bounded, and that the 

manipulator output q(t) asymptotically tracks a 

given reference output qd(t). 



3.2 Adaptive Control Design 

Define the tracking error e and the filtered track
ing errors r and v as 

e = q - qd, r = e + >'e, v = qd - >'e, (7) 

where>. > 0 is a design parameter. 

The closed-loop equation (6) can be expressed as 

Di(q)r + Ci(q, q)r = - Yi(q , q, v, V)Bi 

+ L Vij(t) + L fij (8) 
j#it.··· J". i=;I , .... ;,., 

where 

Bi is the unknown parameter vector and Yi is the 
known function for i = 1,2, .. . ,n. 
In order to achieve the desired system perfor
mance, the following control structure is used: 

Vij(t) = Yi(q, q, V, v)eij + Pij - Kiiri, (10) 

where Kij > 0, j = I,2, ... ,mi, i = I,2, . .. ,n, 
are scalar gains, eij and Pij are parameter esti
mates to be determined for adaptive laws. 

From the failure model (5) and the controller 
structure (10) when Pi actuators fail at the ith 
joint, that is, Tij(t) = fij, j = i1,h, ... ,jp" where 
the failed actuators will not apply any torque, the 
closed-loop equation (8) becomes 

Di(q)r + Ci(q, q)r = -Yi(q, q, V, v)6i 

+L[Yi(q,q,v,v)eij +Pij-Kijri]+Lfij, (11) 
i#i1. · .. . i p • j=i1.···.i", 

for i = 1,2, ... , n. The parameters Bi ; and Pi;' the 
nominal values of ei; and Pi;, exist to satisfy the 
matching equations: 

L Bi ; = Bi 
j#it.·· ·J p• 

j=;I •... ,;", 

(12) 

(13) 

where Bi ; and Pii change their values when new 
failures appear. 

In the closed-loop equation (11), by considering 
the equations (12), (13) and adding and subtract
ing the same term, Ei#it. .... j". (Yi6ij + Pij), the 
closed-loop equation is rewritten as 

Di(q)ri + Ci(q, q)ri = L YiBij 
i#jl •...• j". 

j#it.·· ·.j". i#i1 ... ·.;Pi 
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Slightly abusing the notation, for n link manipu
lator, the closed-loop system can he written as 

D(q)r + C(q, q)r = 
L Yn9n;" 

jn ~i" 1 , .. . .j.p.., 

L P1it L Kli1 r1 
it #;l1 •. ..• jl"l jl #jl1 ... ·.itPI 

+ . (15) 

L Pni .. L Kni .. rn 
j .. #i .. I •. .. J .. " .. ;.#; ... 1 •. • •• ;," ... 

Suppose that failures happen at time instants tic, 
k = 1,2, ... , N, and 0 < h < t2 < ... < tN (at 
each time instant tic, there may be more than one 
actuator failures at different joints). We consider 
such a Lyapunov function as 

1 T 1 ~ ~ IT -1-V=VIc =2r D(q)r+ 2L.J L.J Bijirij.Biii 
i=l j. #j.Io·· ·.iipi 

(16) 

for each time interval (tic, tk+t}, k = 0,1, ... , N, 
with to = 0 and tN+! = 00, corresponding to a 
certain failure pattern as {i1, h, ... , ip>} for the 
ith joint, where rij. = rr;. > 0 and 'riii > O. 
Differentiating V in the interval (tic, tic+!) yields 

. TIT ' V = r D(q)r + 2r D(q)r 
n 

+L 
i=1 i.#jil ..... j.". 
n 

+E L 

Substituting the (15) into (17) results 
. 1 T . 

V = 2r [D(q) - 2C(q, q)]r 

LY181it 

(17) 

LP1it 
i1#jll ... ·.i,,,1 il #ju ... ·.it,,1 

+rT +rT 

E YnBnj .. L Pni .. 
i.~j.l t • • • ,j ... " ... j.~jftl. · .. • j .. JI" 

E K 1j,r1 
jl #it I ..... jlpl 

_rT 

L Kni .. rn 
j"~j"l t " , ,j ••• 

n 

+L L 
i=l i,#in ... .. i.", 



n 

+L (18) 

where the first term results in zero from the skew
symmetric property of D(q) - 2C(q, q). 

The parameters update laws are chosen as 

~:. T 
9ii = 9ii = -riir: (q,q,v,v)ri (19) 

'Ai = Pij = -'Yiiri (20) 

where i = 1, ... , n,j = 1, .. . , mi . The derivative 
of the Lyapunov function is then found as 

Ki;;r~ ~ 0, (21) 

for each time interval (tt, tHl). 

Whenever new failures occur, the Lyapunov func
tion V = Vt changes with actuator failures into 
VHl such that V is not continuous at the time 
instants tt, k = 0,1, ... , N. Except for a finite 
number (N as indicated here) of discontinuous 
points, V is differentiable with a negative time 
derivative, which means V decreases with time 
in each time interval (tt, tHd when there is no 
actuator failures during this time span. Starting 
from the first time interval [to, tt), we see that 
V(t) ~ V(to) from V ~ 0 for 'tit E [to, tl). It is 
concluded that all closed-loop signals are bounded 
for t E [to, tt), including 9ii (t) and Pi; (t). At 
time t = th some actuators at some joints fail, 
which results in the abrupt change of V from 
Vo to Vi with a set of new finite constants 9ij 
and Pi;. In addition to the new constants 9i; 
and Pi; satisfying the matching conditions (12)
(13), some of the parameter estimates Oi;(t) and 
Pij(t) are removed from the Lyapunov function 
V because their corresponding actuators are not 
working anymore. Since 8i;(t) and Pi;(t) are con
tinuous and are finite at time tl, the change of V, 
however, is a jumping with a finite value, that 
is, V(tt) = V1(td is bounded. Repeating the 
argument above, we establish the boundedness of 
r(t), Oii(t) and Pi;(t) for some j corresponding 
to the remaining actuators in the time interval 
(th t2) and prove that V(tt) = V2 (t2) is bounded. 
Continuing in the same way, we have that V(t) ~ 
V(tt) for Vt E (tt, tHl) with a finite V(tt), 
k = 0,1, ... , N. Therefore, we conclude that V(t) 
is piece wise continuous and bounded. 

Recall that at each joint, there remains at least 
one actuator for achieving the control objective. 
Hence at least one pair of Oi;(t) and Pi;(t) with 
some j for each i remains in the Lyapunov func
tion V, which implies that Oij(t) and Pij(t) with 
some j E {1,2, . .. ,mi} for each i = 1,2, .. . ,n 
are bounded for Vt E [0,00). Form the adaptive 
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update laws (19) and (20), we note that for the 
ith joint, 8ij (t) and Pij(t) are parallel to each other 
with different adaptive gains for different j. Since 
at least one pair of them with some j is bounded 
for Vt E [0,00), the others are also bounded in 
the sense that the adaptive laws for them are 
calculated in computing chips virtually even if the 
signals may not exist due to the failures in the 
corresponding actuators. It follows that all closed
loop signals are bounded for both the real signals 
applied to the manipulator system and virtual 
signals calculated in computing chips. 

Considering the last time interval (tN,OO) with 
a finite V(tt), we see that it follows from (21) 
that r(t) E L2. On the other hand, from the 
boundedness of the closed-loop signals, it can be 
shown that r(t) E LOO so that limHoo r(t) = 0, 
from which it can be shown that limt-+oo e(t) = O. 

Thus, stability in the Lyapunov sense and asymp
totic tracking: limHoo e(t)=O are established. 

Remark 3.1. For time-varying actuator failures 
modeled as (4), a complete parameterization of 
the actuator failures can be obtained as shown 
in (Tang et al., 2002). With the parameterization 
of actuator failures and system uncertainties, the 
proposed adaptive compensation design in this 
paper can be extended to achieve asymptotic tack
ing of reference signals for concurrently actuated 
manipulator systems in the presence of the time
varying actuator failures. In case that the fail
ure signal hik(t) in the failure model (4) is un
known, while h;k(t) is bounded by some function 
of time, a modified bounding design of adaptive 
compensation can be applied to the concurrently 
actuated manipulator for achieving stability and 
desired tracking performance in the sense that the 
tracking error can be made as small as expected 
by choosing larger design constants. 0 

4. SIMULATION RESULTS 

To illustrate the effectiveness of the adaptive con
trol scheme, computer simulation of an example 
system is presented. In this example, it is assumed 
that one link manipulator, with 4 kg mass and 
0.2 m link length, is concurrently actuated by 3 
actuators. The joint angle is changing from -30 
degrees to 30 degrees in 30 seconds, where the first 
actuator fails at the 6th second and the second ac
tuator fails at the 17'h second. After each failure, 
the failed actuator does not apply ant torque. The 
equation of motion of one link manipulator can be 
found in (Spong and Vidyasagar, 1989). 

Figure 5 shows the tracking error e(t), and Figure 
6 shows the applied torques by each actuator and 
the total torque applied to the joint. The gains are 



Fig. 5. Tracking error and the transient response. 

rn···" . _. ; 
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Fig. 6. Applied torques and failure. 

selected as K ll=KI2=KI3=1, rll=r12=rI3=10 
and 1'11 =1'12=1'13=20 and Pll =PI2=PI3=1. 

The system response indicates that after each fail
ure, there is a transient response in the tracking 
error and as the time goes on, tracking error con
verges to zero. All signals in the adaptive control 
system are bounded, and stability and conver
gence are ensured. 

5. CONCLUSIONS 

In this paper, actuator failure compensation for 
concurrently actuated manipulators is studied. 
A new adaptive control method is employed to 
compensate for uncertainties from both actuator 
failures and system dynamics. With Lyapunov 
stability analysis, the stability of the adaptive 
control system and asymptotic output tracking 
are proved. Simulation results verified the effec
tiveness of the developed adaptive actuator failure 
compensation design. 
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