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Robust Control of Passive-Jointed Robot and Experimental
Validation Using Sliding Mode

Paul I. Ro and Chih-Chen Yih
North Carolina State University, Raleigh, North Carolina 27695-7910

A robust control strategy for a passive-jointed robot using sliding mode control is investigated. Instead of an
actuator, the passive joint has a brake to reduce the weight and energy consumption of the robot. While the brake
is released, the passive joint is indirectly controlled by the motion of the active joint using the dynamic coupling
of the robot manipulators. However, there are uncertainties associated with parameters in the links as well as in
the operation of the actuator and the brake. To ensure minimum variation from the desired mode of operation in
the presence of these uncertainties, a sliding mode control algorithm is developed and the performance evaluated.
From simulation results, the sliding mode scheme is superior to a simple computed torque method in terms of
passive-joint tracking performance and robustness. A two-link manipulator was designed and built to evaluate
the proposed control scheme experimentally. The robot consists of one active joint and one passive joint and
operates in a horizontal plane. The planar manipulator was controlled from a 32-bit 80486 microcomputer via
DT2811 input/output board. The experimental results indicate that the sliding mode controller, when compared
to the computed torque controller, reduces the tracking error by 50% and improves the robustness to variations

in payloads.
Nomenclature Ilx |} = norm of x

Brax, fmae = maximumof b, f z = vector of n — r active joint§
bruin, fmin = mipimum of b, f Ab = difference between b and b
b, f U = estimate of b, f, u Af = difference between f and f
C = nonlinear Coriolis, centripetal terms, and 1 = positive real number

gravitational forces (] = vector of generalized coordinates
F, B = bound on uncertainties A = positive constant
H = inertial matrix T = vector of generalized force
k = switching gain Ty, Ty = positive real number
n = degree of freedom P = thickness of the boundary layer
q = vector of n — r passive joints and the vector

of 2r — n active joints
94 = desired value of ¢ I. Introduction
r = number of active joints N space, the cost of fuel is the one overriding factor in determin-
§ = sliding surface ing the nature of automation. Recently, much work has been done
t = time to address various issues concerning robotization of some mainte-
u = control input nance, repair, and construction tasks in space. Teleoperation with
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remote sensing, two-arm coordination, free-floating robot manipu-
lator, and passive-jointed robot manipulator have resulted from an
ongoing search for the best man—machine combination system for
space operations that can be realized with a minimum cost. Passive-
jointed robots can be an ideal choice for space operation because, in
general, they require less power and less instrumentation, and weigh
less. With fewer actuators, the passive-jointed robot will be easier
to design and provide low-cost automation. The main idea behind
the design of passive-jointed robot manipulators is the coupling of
dynamics between joints that are controlled actively and the joints
that have passive connections. The coupled dynamics can be utilized
to control the angles of passive joints indirectly by controlling the
active joints.

The position control of a manipulator composed of active and pas-
sive joints was discussed in Ref. 1. The passive joints were assumed
to have brakes instead of actuators. When the brakes were engaged,
the passive joints were fixed and the active joints were controlled.
When the brakes were released, the passive joints were indirectly
controlled by the coupling characteristics of the manipulator dy-
namics. The position of the manipulator was controlled by en-
gaging and releasing the brakes. A basic controllability of such
a system using a linearized dynamics has been shown in Ref. 1.
Also, the same work proposed a simple control scheme based
on the computed torque method and demonstrated the cost sav-
ing feasibility of such approach. The work! opened new design
and control possibilities for space robots in general. However, con-
trol in the presence of uncertainties and unmodeled dynamics have
not been addressed. Because full trajectory control is not possi-
ble for an obvious reason, it becomes very crucial to address the
robustness characteristics of the passive-jointed robot. The con-
trol scheme for passive-jointed robot can also be applied to the
completely actuated manipulators with failed joints.* We can uti-
lize the dynamic coupling between the failed and working joints
to control the failed joints to their values and lock them by using
brakes.

To ensure minimum variation from the desired mode of operation
of the actuator and the brake in the presence of system uncertain-
ties and environmental disturbances, a sliding mode control scheme
using variable structure system theory*~? is applied to the passive-
jointed robot. The sliding mode controller is designed in such a
way that all state trajectories are directed toward the sliding surface.
Once the system state reaches the sliding surface, it slides along the
surface and the system response depends only on the equations that
define the surface and thus remains robust to the disturbance and
parameter variations.'0~!?

Simulation results show that the sliding mode scheme is superior
to the computed torque method in dealing with parametric uncer-
tainties. A two-link experimental robot was designed and built to
study the feasibility of the passive-jointed robot. The sliding mode
control algorithm was also implemented on a microcomputer. The
performance of the sliding mode control is validated by experimen-
tal results performed on the two-link passive-jointed robot.

This paper is organized as follows. Section II begins the discus-
sion of the dynamic equation of the passive-jointed robot. Section
I11 generalizes the sliding mode control to the multi-input nonlinear
system and then is applied to our passive-jointed robot. Based on the
Lyapunov stability criterion, the switching gain is derived to track
the trajectory of the passive joint of the robot. Section I'V applies our
proposed sliding mode controller to a two-link planar passive-joint
robot. Section V discusses the results of the experimental imple-
mentation of the sliding mode controller. Section VI presents some
conclusions.

II. Dynamic Model

In this paper we consider a manipulator with n degrees of freedom.
We assume that r [r > (n/2)] degrees of freedom of the manipulator
are active joints with actuators and n — r degrees of freedom are
passive joints with brakes instead of actuators. When the brakes are
locked, the active joints can be controlled without affecting the state
of the passive joint. When the brakes are released, the passive joints
are free and indirectly controlled by the coupling forces generated by
the motion of active joints. Assuming the joints are frictionless and

contain no other disturbances, the dynamic equations of an n-link
rigid manipulator can be written as'*

H@0+C@O.6) =T M

where 8 is the vector of the joint displacements; H (6) is an inertia
matrix; C(60, 8) is a matrix that contains the nonlinear Coriolis,
centripetal terms, and gravitational forces; and 7 is the joint torque
vector.

It is assumed that z is a vector of n — r active joint positions; g
is a vector of n —r passive joint positions and 2r —» active joint
positions.! When r = n/2, q is a vector of n/2 passive joint posi-
tions.

We can rearrange 6 as

zZ n—r
Z n—r
0:|: ] = | quc 2r —n (2)

q r
Jpas n—r

The n — r passive joints gy, are controlled through dynamic cou-
pling by the motion of the n —r active joints z. Position control
of passive-jointed robot can be done in two steps. First, the n —r
passive joints g, are controlled indirectly by n —r active joints
z. Second, after the passive joints g, are locked by brakes at the
desired positions, the n — r active joints z and 2r — n active joints
q. are then controlled by actuators. Therefore, both passive joints
and active joints can be controlled to their desired positions by using
brakes and actuators.

To express the dynamic equations such that the passive joints can
be controlled directly by the active joints, one can now partition
H(9), C(, 6), T as follows':

Hi(0) Hi»(0) r
H(O)Z[Hzl(e) szw)}n—r ®
n-—r ¥
c®,0 = C@.6)] r (4)
o lee,6) n—r

).
T = (&)
T2 n—r

When the passive joints are free, the joint torque of the passive joints
are equal to zero; then 7, = 0.
Substituting Egs. (2-5) into Eq. (1) we obtain

HyZi+ Hipg+Cy =T, (6)
HyZ+ Hpg+Cy =0 (7
If H,, is not singular, Eq. (7) can be solved for % to yield
i=—H;'Hng — Hy'C, (8)
Equation (8) is used to eliminateﬁ in the Eq. (6) as
Hj+C=7 9)
where
T =T

H = Hpy— HiH,y,)' Hy, C=C—H\Hy'C,,

The matrix Hs; corresponds to the dynamic coupling between the
active joints and the passive joints, and it depends on the structure
and mass distribution of the manipulator.!> As shown in Ref. 1,
the condition of output controllability is equivalent to the condition
necessary to solve the generalized for the active joint (i.e., Hy is
not singular). Since Hj; is related to the mechanical structure of the
manipulators, one should keep H,; away from its singular points
when considering the robot arm design.
The dynamic equations can be further reduced as

g=fq)+blqu (10)
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where
q -1 A -1 ~
Q=[q], flgy=—-H"C, b(gy=H ", u=T

Equation (10) represents a nonlinear and time-varying dynamic
model. The control problem is to get the state g to track a spe-
cific time varying g, in the presence of model imprecision on f(q)
and b(q).

III. Sliding Mode Control

We now have to design a control law that utilizes the coupling
dynamics to control the passive joints and reject the system uncer-
tainty resulting from parametric variation and disturbance. Based
on variable structure system theory, a sliding mode control scheme
is considered to control the trajectories of the passive joints in the
presence of modeling imprecisions.

Sliding mode control consists of two steps. In the first, the control
law forces the trajectory toward the sliding surface, whereas in the
second step, the controller is smoothed inside a boundary layer.!®
We now assume that there are parametric variations and disturbance
for our model. The dynamic equation can be written as

qg=1(q)+blqu an
A nominal model for sliding mode control is given as
i=f(@+ b@a (12)
Assuming some bounds on uncertainties on f(q) and b(q) to be
IAfIl =T (13)
Abl < T3 (14)

the norm of a matrix A is defined as
lAx]

A} = sup —— = sup [lAx||
x#0 |1xlf el = 1

The uncertainties Af in Eq. (13) and Ab in Eq. (14) are defined as

Af=f~—f (15}
Ab=b—b (16)
where
7 fmax + fmin
f= Ea— an
1 bmax + bmin
h == 18
) (18)
We then define
Tl — fmax '2— fmin (19)
bmax - bmin
T, = - (20)

Note that Y, and Y, are nonnegative real numbers.
First, we choose a sliding surface s as a function of the output
trajectory error

s=q+AG=0 @1

where § = ¢—qu, @ = ¢ — qq and A = diag[A, 22 -+ A4l
A > 0,1 =1,2,...,n. The positive gains A; determine the rate
of response of the system. Then, we derive a control law to drive
the system to the sliding surface. The Lyapunov stability criterion
is used to derive a sliding condition such that the sliding surface
can be reached within a finite time. We choose a Lyapunov function

v = %sT - 5. By applying the Lyapunov stability criterion v < 0, a
sliding condition is obtained as

v=g§ -§<0 (22)

To make sure v(s, §) vanishes only at s = 0, the preceding equation
can be modified as

v=s"-5 < —nlsl (23)

where 7 is a positive real number to adjust the approaching speed
toward the sliding surface.
The sliding condition can be expressed as

1d
55“ -8) < —7llsi| (24)

Once the trajectory is on the surface (in the sliding mode), the dy-
namics can be written as § = 0.
For the nominal model, we obtain

§S=f4+ bt~ +AG=0 (25)

Solve this equation for the control input to get the equivalent control
i=b"'(—f+i§,— AP (26)

However, to account for the presence of modeling imprecision and

of disturbance, we add to u a term discontinuous across the surface
s=0,

u=1a— bk sgn(s) 27
where
1 s; >0
sgn(s;)) =13 0 s =0 28)
—1 s; <0

and k is the switching gain.

In fact, one can think of the sliding mode controller as consisting
of two parts. Here, & is the control for the nominal model and
—b~ 'k sgn (s) is dealing with uncertainties. This switching gain k
will keep the state trajectory on the sliding surface; thus the systemis
robust to parameters uncertainties. The selection of the gain & should
be made to guarantee the stability of the s dynamics as follows:

§=(f=N+Bb" —D(—f+ijy—A§) —b b k-sgn(s) (29)

Substituting Eq. (29) into Eq. (23) and applying the uncertainties
defined in Eqgs. (15) and (16), we obtain

st [AF+ AL (= f +Ga— AD
= (I +Ab bk -sga(s)] < —nlls| (30)
We can use the following inequalities to simplify Eq. (30):
—s" - Abb 'k sgn(s) < klis| 4B b 'sgn) (31)
—s" k- sgn(s) < ks| (32)
By applying the preceding inequalities, Eq. (30) becomes
st - [y + 1| 67 (= F +du — Ag) |

— k(1 =12l b 'sgn@)1) ] < —nlis| 33)
The gain & is found as

T +T2“ b (—f +§u - A&)” +7
k>

= > (34
1=l b7 sgn() ]|

The control law u is discontinuous across the switching surface
s = 0. Since the switching is not instantaneous in practice, the imper-
fection in the switching leads to undesirable chattering. This adverse
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Table 1 System parameters

mi, kg ma, kg ms, kg 11,kgm2

Lkgn?  I,m  l,m  bom  b,m

0.874 0.836 2.857 0.1148

0.0065 0.397

0.1985 0305  0.1525

passive joint
robot

JEETEN -
9pdpd; |mlu="b L—f+q'd—/\q—-k-sat(s))_>

Y

A
desired trajectory sliding mode

control

nonlinear dynamics

state variables

Fig.1 Sliding mode control scheme.

chattering effect may excite high-frequency dynamics neglected in
the modeling and require greater control effort. To avoid exciting
high-frequency unmodeled dynamics, one can use the boundary-
layer function to smooth the discontinuous slide mode control and
to achieve robustness.'* The sgn(s) function is replaced by the sat(s)
function defined as

1 s > [
sat(s;) = < §;/® sil = & (35)
-1 5 < —d

The boundary layer will lead to tracking within a guaranteed preci-
sion instead of perfect tracking. The smoothing of control disconti-
nuity inside the boundary ® essentially serves as a low-pass filter to
the variable s near the sliding surface, thus eliminating chattering.?
Therefore, the sliding mode control law is given by

u=10—b"k-sat(s) = b '[—f + gy — AG — k - sat(s)] (36)

The sliding mode control scheme for the passive-jointed robot is
shown in Fig. 1.

IV. Simulation Results
Here the sliding mode control algorithm is applied to the two-link
passive-jointed robot, shown in Fig. 2, whose parameters are given
in Table 1. The two-link robot has one active joint equipped with a
motor for providing control torque and one passive joint equipped
with a brake. The brake is modeled as one mass at the passive joint.
The dynamic equation is given by

Hy Hpl||Z ) 7
Do M R P T

Hi=ml2 + I+ mo(I} + 1% + 2Lila cosq) + I + mal?

where

Hy = myl% + b, Hyy = Hy = malilp cosq + moll, + I

h=mal\lysing, Cy = —2hzg — hg?, C, = hi’
If Hy; is not singular, we can solve Z as
%= —(Hyn/H)i — (h) H)2® (38)
The dynamic equations can be further reduced as
G = f(q)+blqu (39)
where

g=| .
q
-1
Hy H Huh
f@) = Ho~ (=2 &+ 2hig +hd’
Hy Hy

~1
b(q) = [le - (H;;sz>:| :
21

u =Tt

actuator (active joint) x

Fig. 2 Two-link planar passive-jointed robot.

‘We now assume that there are parametric inaccuracies for our model.
The equation can be written as

§ = ful@) + bu(g)na (40)
To test the performance of the sliding mode controller, we assumes

a uncertainty of £50% on f and £20% on b. In the simulation, we
let

fu(@) = (1 +0.5sin67¢) f(q) (41
b,(q) = (1 +0.25in67)b(q) (42)

Therefore, the bounds on uncertainties on f, (¢) and b,(q) are

~

Lfu = f1=T (43)
b, — bl<T, (44)
where
f=r b =b, T, =0.5|f], T, = 0.2
The desired trajectory is
qq = —(/4)(1 — cosmt) (45)

For our two-link planar robot, the desired trajectory is assumed
to be continuous. Therefore, the desired trajectory must start with
the same position and velocity as those of the system. The initial
conditions are in radians and radians per second

z=0, z=0, q=0, g =0
First, we choose a sliding surface s as a function of the output tra-
jectory error

S=G+rG=0 (46)

where g =g —q, and§ =g — q4q.
The sat(s) function is defined as

1 s> @
sat(s) = ¢ s/ sl <& “@n
-1 s < —d

The control law is given by
u=i— bk sat(s) = b7 [—F + Gy — A — k - sat(s)] (48)
where
o + 2| b= f + Ga — 2| + 1
- 1= "] b="sgn(s)]

(49)
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Fig.4 Tracking error comparison.
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Fig.5 Control torque comparison.

The value of A was chosen to be 10, which was used to define the
sliding surface in Eq. (46). To eliminate the unwanted chattering, &
was selected as 2.0. The parameter 7 is chosen to be 40 for the state
trajectories to reach the boundary layer fast. The tracking error of
the robot under the sliding mode control is shown in Fig. 3. To com-
pare with the sliding control in previous section, we use computed
torque control. The same uncertainty is assumed with the same sys-
tem. The corresponding tracking error and control torque are shown
in Figs. 4 and 5.

As shown inFigs. 4 and 5, the tracking error is much smaller (50%
less) under sliding control than under computed torque control. The
sliding control also requires a smaller control torque to track the
desired trajectory. The results clearly show that sliding control is an
effective controller in the presence of model uncertainty.

V. Experimental Results
A. Experimental Robot

The planar manipulator hardware, computer, and interfacing are
described in this section. The two-link passive-jointed robot shown
in Fig. 6 was used to experimentally evaluate the proposed sliding
mode control. It includes a robotic device with two revolute joints
arranged so that the arm operates in a horizontal plane. The active
joint (shoulder joint) is equipped with a dc motor with rated torque at
508 oz-in. that rotates the arm in the horizontal plane. The passive
joint is the elbow joint, which is a free joint when the brake is
released. Because the motion occurs only in the horizontal plane,
we do not have to take into account the effect of gravity. The joints
are connected by lightweight links. The active joint is driven by a
dc motor through a harmonic drive gear reduction unit. The sweep
of the active joint is limited to approximately 210 deg. The gear
reduction harmonic drives provide speed reduction of 64:1 for the
active joint. The dc motor is driven by a servo amplifier and is
provided with an optical encoder and an analog tachometer.

Position and velocity feedback are available at the active joint.
Position feedback is provided by incremental optical encoders. The
position measurement of the passive joint is taken at the joint shaft
using an optical encoder with 1000 pulses per resolution. Velocity
feedback is from a dc generator tachometer, which is driven from
the motor shaft. The velocity signal of the passive joint is obtained
by filtered differentiation of the joint position.

The system diagram of the experimental apparatus is shown in
Fig. 7. The planar manipulator is controlled from the 32-bit 80486
microcomputer via one input/output circuit board (DT2811-PGH)
interfaced directly into the backplane of the computer. Command
signals to the robot are sent to the power amplifiers through a 12-bit
D/A converter. The range of the D/A is £5.0 V, yielding 10-mV
resolution. Position feedback from the digital encoder is accessed
by the computer through a digital 1/0 card. The encoder counts are
then produced by the software. Resolution of the position is then
0.006283 rad for the passive and active joint. Velocity feedback from
the tachometers are connected into a 12-bit A/D. This gives joint
velocity resolution of 0.0005411 rad/s for the active joint.

The control algorithm was implemented on a microcomputer (PC
80486) and the signal processing in the experiments were carried out

Fig. 6 Two-link planar passive-jointed experimental robot.
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M3 : : :
A
encoder
r——=-=-=== il
i |
encoder = Digital ]
™ IO I
tachometer : :
prefiltering } » AD :<—> PC 80486
| |
| i
servo - I 1
amplifier | DiA |
| |
L - - — - — J

acquisition board

Fig.7 System diagram of the experimental apparatus.

START

Initialize
hardware

—

Read
measurement

_/\

Digital Filtered
filtering differentiation

N

Compute desired
trajectory

Compute control

Y

Store data

v

Output control D/A

Fig.8 Flowchart for the control
program.

END

with a sampling rate of 2.9 kHz. The control program is written in
the C programming language. The flowchart of the control program
is given in Fig. 8.

B. Step Response Evaluation

The sliding mode controller was tested with a 60-deg step re-
sponse shown in Fig. 9. The phase portrait of the step response is
plotted in Fig. 10. By examining the system motion trajectory on
a phase plane, we can intuit the basic aspects of the sliding mode
control. As shown in Fig. 10, starting from initial condition [0 0]7,
the trajectory is attracted to the boundary layer in 0.42 s and then
slides toward the desired states [7r/3 0]7.

C. Tracking Evaluation

The desired trajectory is g; = —(w/4)(1 — cosm¢t). The max-
imum joint position displacement is 7r/2 rad and the maximum
link angular velocity is 72/4 rad/s. The result shown in Figs. 11
and 12 presents the passive joint tracking of the robot under sliding
mode control. The computed torque controller tracking performance
is shown in Figs. 13 and 14. The computed torque control shows
larger tracking error when compared to the system performance
under sliding mode control. The experimental performance of the
passive jointed robot with sliding mode control is compared with
the manipulator’s performance when the computed torque control
is used. Comparing the results in Figs. 13 and 14, it is concluded

rad/sec

0.5 1 1.5 2 25 3

I L L
0.2 04 0.6 08 1 1.2 1.4
rad

&
&
N
ok

Fig. 10 Phase portrait of the step response.

sec

Fig. 11 Tracking error under sliding mode control.
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Fig. 12 Control signal under sliding mode control.
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Fig. 16 Error change with increased payload.

that the robot under sliding mode control exhibits a smaller track-
ing error (50% less) when compared with the computed torque
control.

D. Robustness Evaluation

An experiment was conducted to demonstrate the robustness to
uncertainty in payload. The controller was designed for the nom-
inal payload; but the payload of the arm was increased by 108%
on the mass of the second link. The results given in Fig. 15 present
the tracking performance under sliding mode control with increased
payload. The error change with uncertainty in the payload is shown
in Fig. 16. The sliding mode control performance shows smaller
error change (20% less) when compared with the system behavior
under computed torque control. The results clearly show the robust-
ness of the sliding mode control in the presence of uncertainty in
the dynamic model.

VI. Conclusions

This paper demonstrates the feasibility of the passive jointed
robot. Coupling dynamics is utilized to control the angle of passive
joints indirectly by controlling the active joints. A sliding mode con-
trol is designed and implemented on a microcomputer for a two-link
passive-jointed robot. The robot is actuated by a dc motor and oper-
ated in the horizontal plane. It is assumed that dynamics of the robot
is not exactly known. Based on variable structure system theory, a
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contro} scheme is designed for trajectory tracking of the passive
joint. The robustness of the sliding mode control is evaluated in
presence of unknown payloads.

From numerical simulation results, the sliding mode scheme
shows smaller tracking error when compared with the system per-
formance under computed torque control. The performance of the
sliding mode controller is validated by experiments. Experimen-
tal results show that the sliding mode scheme is superior to the
computed torque method in terms of the passive joint tracking per-
formance and robustness.

The control scheme studied can also be applied to the space ma-
nipulator system as a failure recovery controller. It is possible that
the actuator of one joint of a manipulator system fails, but its brake
and encoder still operate. Using the proposed control scheme, the
failed joint can be driven into a desired position and then locked by
using the brake. This application may be effective because it is im-
portant for a space robotic system to be able to tolerate a component
or subsystem failure.
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