W) Check for updates

INTERNATIONAL JOURNAL OF

Research Article ADVANCED ROBOTIC SYSTEMS

International Journal of Advanced
Robotic Systems

May-June 2019: 1-16

© The Author(s) 2019

DOI: 10.1177/17298814198467 12
journals.sagepub.com/home/arx

©SAGE

Joint torque control of flexible joint
robots based on sliding mode technique

Gen-Liang Xiong' ®, Hai-Chu Chen', Jing-Xin Shi’
and Fa-Yun Liang'

Abstract

For robots with flexible joints, the joint torque dynamics makes it difficult to control. An effective solution is to carry out a
joint torque controller with fast enough dynamic response. This article is dedicated to design such a torque controller
based on sliding mode technique. Three joint torque control approaches are proposed: (I) The proportional-derivative
(PD)-type controller has some degree of robustness by properly selecting the control gains. (2) The direct sliding mode
control approach which fully utilizes the physical properties of electric motors. (3) The sliding mode estimator approach
was proposed to compensate the parameter uncertainties and the external disturbances of the joint torque system. These
three joint torque controllers are tested and verified by the simulation studies with different reference torque trajectories

and under different joint stiffness.
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Introduction

A robot manipulator with flexible joints' > is normally not
intended by the robot designer. Joint flexibility is a side
effect when achieving a relative lightweight, for example,
for space or medicine applications. Therefore, how to treat
the joint torque dynamics makes the different control
approaches for this kind of robots.

During the past decade, various methods have been pro-
posed in order to control flexible joint robots. Theoreti-
cally, there is a general approach to control flexible joint
robots (a large class of nonlinear systems) which is able to
achieve fast response as well as “high bandwidth,” namely
the state-space approach based on the feedback lineariza-
tion,*” though some of nonlinear systems are not feedback
linearizable. The disadvantage of this approach is the need
for higher order time derivatives of the system output (i.e.
the variable to be controlled). For the case of flexible joint
robots, from the second time derivative of the link position

one can only see the joint torque. And, from the fourth time
derivative of the link position one can see the motor cur-
rent. Only from the fifth time derivative of the link position
one can see the final system control input, namely the stator
voltage of the electric motor. Therefore, for the control
design using the state-space approach, one needs up to the
fourth time derivatives of the link position signal. As a
result, the state-space approach based on the feedback
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linearization is not adequate for the control of flexible joint
robots.

Another methodology to control flexible joint robots is
to decompose the high-order system into two or more lower
order subsystems. One of the control methods under this
category is the cascaded control method.® It is well known
that for classical cascaded control, the reference input to the
inner control loop must be kept “constant” (means chang-
ing slowly) during the convergence of the inner control
loop, implying that the response time of the total control
system is slowed down due to the cascaded structure,
resulting in a lower bandwidth with respect to the state-
space approach. This is the price one has to pay for the
advantages of the cascaded control method. The latter
approach is the famous singular perturbation approach’®
as well as the integral manifold approach’ which takes the
joint torque subsystem as an algebraic system for the link
position control and adds some damping to the fast mode in
the joint torque.

In addition, other methods have also been proposed for
flexible joint robot control, such as integral backstepping
approach,'® passivity-based control approach,'' adaptive
control technique,'? fuzzy logic and neural network
approaches,'® and simple PD (or proportional-integral-
derivative (PID)) control."* However, most of these control
methods focus on position control and pay little attention to
joint torque dynamics.

As mentioned in the study by Amjadi et al.,'* singular
perturbation approach is a smart solution to handle the joint
torque dynamics. However, singular perturbation approach
does not possess the tracking capability to follow a joint
torque trajectory and it is only a solution based on some
practice considerations. And now the question may arise:
Why the tracking capability to follow a joint torque trajec-
tory is required? Firstly, the composite control structure
based on singular perturbation approach as well as integral
manifold approach, viewed as a standard control structure
for flexible joint robots, has the feature of open-loop con-
trol of joint torque dynamics, thus lack of robustness. This
weakness has been observed by some researchers.'® For
example, if the joint stiffness changes, the controller based
on singular perturbation approach does not possess the
mechanisms to follow this change. Secondly, for a high-
performance force or impedance control with a reasonable
dynamic response in end-effector coordinate frame, the
joint torque tracking capability is necessary. Imagining that
an end-effector is grasping a moving workpiece, the control
system must have a fast enough dynamic response, and the
joint torque tracking controller will make this possible.
Moreover, the dynamic motion of human arms is actually
based on the joint torque feedback (thinking on an extreme
case when a blind person touches his environment).

As a result, joint torque tracking capability is important
for the control of a high-performance flexible joint robot.
Though it is a difficult task to design a robust joint torque
controller, joint torque control characterizes the main

difference between the classic control and the modern con-
trol of flexible joint robots. Sliding mode control approach
is the promising control approaches for the control of real-
world high-order, nonlinear, multiple-input and multiple-
output uncertain system, such as flexible joint robots and
nonholonomic constrained mobile robots,'” ! because
they introduce proper physical information or utilize the
physical property of controlled plant to make the solution
simple and effective, rather than to play mathematical
games. It is pointed out that modern sliding mode control
theories have great potential to the control problems in this
area. So, in this article, three different joint torque control-
lers based on sliding mode technique for multiple-link flex-
ible joint robots will be proposed, verified, and compared
by simulation studies.

Dynamic model

The model of a flexible joint robot manipulator with »
degrees of freedom can be written as

M(q)q+Clq,q)q+ Glq) + F(q) =T
JO+ 145 +7=T1, (1)
T=K(0—q)

where M (q) € R"*" is the mass matrix, C(q,¢)g € R" the
vector including centrifugal and Coriolis forces,
G(g) € MR" the gravity force vector, F(¢) € R" the the fric-
tion force vector, ¢ € SR" the link position vector, 0 € R"
the joint position vector, 7 € R" the joint torque vector,
Tm € K" the motor torque vector, 745 € R": disturbance
torque vector, J = [J;] € R"*" the diagonal joint inertia
matrix, K = [k;] € R"*" the diagonal joint stiffness matrix,
and I' = [,] € R the diagonal gear ratio matrix.

Taking joint torque 7 and link position ¢ as state vari-
ables, model (1) can be reformulated as

{ M(q)§+Clq,9)qg+Glq) +F(q) =7

e L (2)
JK T+ 145 +T174+JGg=TIT)

The second equation of equation (2) represents the joint
torque dynamics. Note that from the first equation of equa-
tion (2) we know 9g/0t,, = 0, implying that term Jg can
be treated as disturbance when designing joint torque con-
troller based on the second equation of equation (2) using
control input I't,. For the ith joint, the joint torque
dynamics can be obtained by simply writing the second
equation of equation (2) in component-wise

JiKi Y+ Tasi + i+ JiG; = VT (3)

It seems that the above equation about the joint torque is
decoupled; this is because that the coupling effects from the
other joints are acted through the joint acceleration g,
which is not yet replaced by the first equation (i.e. the robot
arm equation) of equation (2).

In order to see the dynamic behavior of the joint torque
more clearly, ¢ in the second equation of equation (2) can
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be replaced by solving ¢ from the first equation, resulting in
the new formulation of the joint torque dynamics

T4+ A4,(t)7+ D(t) = B, Ty

(4)

where

A.(1) :K(J*l +M(q)—‘)

D.(1) = K(J vy + M(q)”'N(g,))
B, =KJI

N(q,9) = C(q,9)q + G(q) + F(g)

Fir4+ki (7 zmn) Ty — kizmipa + [k J T+ ki (zmaany — zmipng)] = kiJ 7y T
Fo+ka(J3 1+ zmi) Ty — kozmar i + [kad 5 'y + ka(zmiing — zmainy)] = kaJ 5 T

where z = 1/(mmy, — mom;). Note that parameters m;;
and n; (with i =1, 2 and j =1, 2) are time-varying.

For the decentralized joint torque control design, it is
preferred to use model (3), because of the simplicity. Since
parameter uncertainties and unknown disturbances exist,
robust control approaches are necessary.

Joint torque control by PD controller

For the analysis of the PD type of joint torque controller for
the ith joint, model (3) is cleaned by removing subscript
(keep in mind that we now deal with the torque control of
one joint, i.e. the decentralized joint torque control
problem)

JK Y+ 145+ 17 +JG=Tm (6)

We know that motor torque 7, is generated by the motor
stator current i, with the relation 7, = k;i,, with k, being the
torque constant of the permanent magnet synchronous
motor (PMSM) used for the joint. So that the actual control
input of the torque dynamics is the motor stator current i,,
that is

J

L1 J .
Tk, g e T =

vk vk

(7)

Now the control task is: Look for the reference current i,
which enables the tracking of the actual joint torque 7 to the
reference joint torque 7. The resulting 7; will be fitted to
the inner current control loop as the reference input. For the
PD-type joint torque controller (see Appendix 1, Fig.Al)
for system (7), 7; can be designed as

iq_max if(_kdér - kpeT) > iq_max
i = —kar — ke, iflkaer +hpe.] <ipme (8)
_iq,max if(_kdéT - kpe,—) < _iq,max

Since matrix M(q) "' is not a diagonal matrix, we can see
the coupling effects:

(a) The disturbance vector D.(f) contains all time-
varying parameters of robot arm through term
M(q)"'N(g,4).

The joint torque dynamics of one joint are influ-
enced by the joint torques of all other joints through
matrix 4.(¢), implying that the joint torques are
interconnected between the joints.

(b)

Taking a two-link flexible joint robot as an example, the
joint torque dynamics for the two joints can be derived as

(5)

where e, = 7, — T is the torque control error and i:; is limited

to +1,_max. Because g is normally not measured, it has to be
treated as a disturbance term. Also some parameters like J, ,
k; and disturbance torque 7, are generally unknown. There-
fore, we expect the PD controller should provide some
degree of robustness to these uncertainties. Now, it will be
shown that by properly adjusting the control gains k, and &,
in order to avoid the chattering effect of PD controller.
Therefore, the PD controller will have some degree of
robustness by properly selecting the control gains.

However, since the resulting reference current i; is dis-
continuous, it would cause problem for the inner current con-
trol loop, especially for the case where the standard PWM
technique for the current control is used. The duty-cycle feed-
ing to the pulse width modulation (PWM) unit would jump
suddenly from one value to another which is harmful to the
actuator and introduces high-frequency vibration. Therefore,
a continuous saturation function is employed instead of the
discontinuous current i, to smooth the reference current.

For the inner current control loop, either the conven-
tional PWM technique or PD current control can be used.
For the simulation studies given in this article the latter is
used. Note that for the joint torque control we need only to
control the stator current component i 4, but current compo-
nent i, has influence to the control of i,. For the joint torque
control purpose, we will set the reference current i; = 0,
with which the dynamics of current component i, will be
decoupled from the ones of i, and the motor is able to work
in the so-called constant torque mode.

Joint torque control by direct sliding
mode control

In the previous section, we discussed the cascaded control
structure for the joint torque control, with inner current
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control loop and outer PD-type joint torque control loop.
This control structure has some advantages, namely:

(a) the designs of the joint torque control and the cur-

rent control can be done separately;

it is easier for the implementation and for the tuning

of the controller parameters; and

(c) only first time derivative of the joint torque signal is
required.

(b)

However, there are some disadvantages with this simple
control system:

(a) The cascaded control structure limits the bandwidth
of the closed-loop system.

(b) The system robustness is limited.

(c) The torque control system will not work properly if

the joint torque dynamics are faster than the ones of

motor current, this will happen when the joint stift-

ness is high, that is, the robot is more rigid.

Large chattering may occur if the control gains of

the PD controller are too high.

(d)

In the following, we propose a direct (non-cascaded) joint
torque control schema without using the conventional PWM,
which is dedicated to overcome these disadvantages. The
proposed new control schema has the following features:

(a) Itfully utilizes the property of electric motors, namely,
the final control signals of the power converter (i.e.
inverter) have to be discontinuous, no matter which
control strategy is employed and no matter which state
variables of the robot are controlled.
The inner current control loop for the g-component is
removed. This motor current component is then impli-
citly controlled through the control of the second time
derivative of the joint torque, resulting in a state-space
control schema, thus increasing the system bandwidth.
(c) The stability of the closed-loop torque tracking con-
trol system can be proved and the robustness with
respect to the system uncertainties can be guaranteed.

(b)

As control design tool, we use again the sliding mode
control theory. The system model used for the decentra-
lized joint torque control for ith joint (subscript 7 is
removed for simplicity) is given as

Jo ] (r 4+ J ..
T4+ —(T+7Ta) +—q¢=1i
kvk, kT T T
dig ) .
LW =ug — Rig + Lw,i, (9)
i
L% = u, — Riy — Lweiy — Jowe

where o, is the rotor electrical angular speed, and the rela-
tion with the joint angular speed 6 is

we = PO,, = PO (10)
with P being the number of pole pair of the PMSM and 0,
being the rotor mechanical angular speed of PMSM. With the
relation (10) and changing the order of the equations for i, and
iz, we get the model to start the joint torque control design

J %+L(T+T )—&-i"—i

vk, vk, )T g 1T

di, . N .
L?:uq—qu—LP'y&d—)»oP'y@ (11)
di ,
L%:ud—Rid—&—LP'yeiq

Taking the time derivative of the first equation in equa-
tion (11) and substituting with the second equation result in
the third-order model for the joint torque related to the
stator voltage u,

JL
kvk,

L JL . .
T+—(T+7as) +—— G =u, — Riy — LPv0iz — AP0
AR AT
(12)

Then, the system model (dynamics about the joint torque

7 and about the stator current component i,) can be given as

#=—A"" (Bt 4 Bius+ C§+EQ+ Riy+ Dig) + 4 'u,
{AlLi'd =—A"'Rig+A4""Dbiy+ A4 "uy
(13)
where the following auxiliary parameters are introduced in
order to simplify the notation
JL L JL

=—, B:—7 C‘:—7
k’yk[ ’Yk; ’th

A D =LPy, E= APy

(14)

Note that in the second equation of equation (13), both
sides are multiplied with 4™, such that both stator voltages
ug and u, in equation (13) have the same coefficient, this
will simplify the controller design.

Controller design

At first, the switching functions for the joint torque and for
the d-component of the state current are designed see
Appendix 1, Fig.A2

§; = é‘r + CléT + coe;
sq =A"'L(ig — i})

(15)

where e, = 7, — 7 is the joint torque control error. Note that
the parameter 4~ 'L is introduced in s, to simplify the con-
trol design. The controller will depend on this parameter
any way, when not multiplied here, it must be involved in
the sliding mode transformation given later.

The time derivative of both switching functions along
the solutions of equation (13) can be derived as
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§, = — T4+ c1é, + coer — AV (BT + Btas + C§ + EO+ Riy + Dig) + A7y, (16)
$¢ = —A"'Li\y — A" 'Rig + A7 DOiy + A uy

Introducing two auxiliary variables £, and f; as follows
f.=—Fq+cré, +coéy — A (BT + Bigs + CG + EO + Ri, + DOiy) a7)
fa=—A""Li,— A7 "Rig + 47" Dbi,
. . . . 4123 _ gqabe _ gof gabe _ cosf,  cost cost.
Equation (16) will be simplified to ag = Adg TAages T | _Gro o _sing, —sind,
(1)

(18)

Sr=f +A4 'y,
S‘d :fd +A717/ld

Note that for these two auxiliary variables, 9f . /Ou, = 0
and 9f ;/0uy = 0 hold, this is necessary for the sliding
mode control design. The above equation system can be
summarized in the vector form (the sequence of the both
equations is exchanged to match the sequence of 1, and u,
in the context of electric motors), resulting in

=]l

From the study by Ademi and Jovanovi¢,”® we know
that the stator voltages u; and u,, are not yet the discontin-
uous voltages applied to the motor windings. For the
direct sliding mode control design, we need the relation
between the final discontinuous voltages applied to the
motor windings and the time derivative of both switching
functions. This relation can be found by using the defini-
tion given in

(19)

- feef]-[ e
St T Ug T ’ Uy
(20)

4123
where matrix 4,7, can be expanded as

N
V—SdTSdT

= (safq +5-f,)

+ A N uys4c080, + 1z54c080) + u357¢080, — 115,506, — uys,sinfy, — uzs,sinf,)

= (safq + /)

With 0, = 0,, 0, = 0, — 27/3, 6. = 0, + 27/3 and 0,
being the rotor electrical angular position. Depending on
equation (21), equation (20) can be rewritten as

[{vd} _ Ud} g {ulcosea + uycosby, + uzcosd, }

Sy —uysinf, — u,sinf, — uzsinf,
(22)

To find the control signals u;, u,, and u3, Lyapunov
approach will be employed. Design a Lyapunov function
candidate as

1
V= Es;sdT
where s;, = [s4 s,]". The time derivative of ¥ along the
solution of equation (22) can be found as (note that para-
meter A is a scalar value and not a matrix, see the definition
in equation (14))

(23)

Sr

. ) Sa
V=s%84r=1[54 5]

fa . uycost, + uycosty, + uszcosh,
=[sq4 $.] +A7 [sq4 s.] ) ) )
B —uysinf, — upsinfy, — u3sinb,
(24)
Equation (24) can be further expanded as
(25)

+ A [uy (sgc0s8, — s,5in6,) + us(sqcosfy — s,sinby) + u3(sycosf. — s,sinf,)]

Introducing three additional auxiliary variables

21 = sycos6, — s.sinf,
2, = s co080, — s,sinb, (26)

23 = syco80, — s,sinf,

Equation (25) can be simplified to
V= (Sdfd +STfT) +A71(u101 +ury 2, + M3Q3) (27)

Equation (26) can be interpreted as a kind of sliding
mode transformation which performs actually the
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decoupling task for multi-inputs control systems, see also
Utkin et al.?! for more details. If s, = 0 and s, = 0, that is,
sliding mode occurs, then 2, =0 (i = 1, 2, 3) as well.

In order to guarantee J/ < 0, the control signals (i.e. the
final discontinuous control voltages applied to the motor
windings through the inverter) u;, u,, and u3 can be
designed as

uy = —ugsign(£24)
uy = —ugsign(£2;) (28)

uz = —upsign(2;)

where 1 is the DC-bus voltage of the inverter. With these
control signals, equation (27) can be reformulated for the
final analysis

V= (saf g+ 5.f,) — A u[sign(2,) 2, + sign(2,) 2,
+ sign(23)2s]

=(saf g+ 5S.) — A" ug[| 21| + |2,] + |23]]
(29)

In the above equation, 4~ ' is a positive constant (but
may not be known). If the scalar term (s f; + s.f,) is
bounded and if the DC-bus voltage u, is high enough,
V< 0 can be guaranteed. Thus, the stability of the control
system can be ensured under two conditions:

(a) the DC-bus voltage u, should be high enough, and
(b) auxiliary variables f. and f; are bounded.

Since f; and f; do not contain the control voltages, nei-
ther u,; and u, nor u;, u,, and u3, the condition (b) is rea-
sonable. Actually, only term C7g in f; is doubtful. For this,
we can write ¢ = d(¢)/dz in which § can be replaced by
the corresponding solution (means the solution in compo-
nent-wise) after solving the first equation of equation (1)
for g. This is to say, g has no algebraic relation with u, and
condition (b) can be assumed. It will be shown in the later
simulation studies that this assumption makes no problem
for achieving desired control performance. It is a natural
result of high-gain robust control theories including sliding
mode control.

Implementation steps

Though the derivation of the proposed control system looks
rather sophisticated, the implementation of the controller is
quite simple.

Step 1: Calculating the joint torque error and the
switching functions

e, =Ty —T
s, =é; +cié; + cpe,
sq = A Liig — i)

(30)

Step 2: Calculating the sliding mode transformation

21 = sycos0, — s,sinb,
2, = sy co88, — s.sinb,

(31)

23 = syco86, — s.sinb,

with 6, = 60,, 0, = 0, — 27/3, 6. = 0, + 27/3.
Step 3: Calculating the discontinuous control voltages

uy = —uosign(2,)

uy = —ugsign(2;) (32)

uy = —ugsign(2;)

In equation (30), parameters ¢y and c; have to be
provided by the control designer depending on the
required closed-loop performance of the joint torque con-
trol. Parameter 4~ 'L = kvk,/J is not easy to obtain and
thus can be tuned, until iy = ijj, then this parameter has
no effect to the control system anymore. The real-world
implementation of this direct sliding mode joint torque
controller needs to change the popular hardware, because
it bypasses the PWM unit within a microcontroller or a
digital signal processor (DSP), but needs high enough
sample time to handle the high-frequency phase signals
(phase currents and phase voltages).

Joint torque control by SME

The dynamic model about the joint torques, that is, equa-
tion (4) (which is in matrix—vector form) can be rewritten in
component-wise for the ith robot joint (here again, sub-
script i is not used for simplicity)

T+a(t)T+d(t) = by (33)

As discussed in the “Dynamic model” section, a(f) is a
function of the components of the robot mass matrix M(g),
and d(¢) is a function of the components of all dynamic
terms in the first equation of equation (1) and a function
of the joint torques of all other joints, see also equation (5)
as an example. We assume that parameters a(f), d(f), and b
in equation (33) are unknown, but bounded. For the
implementation of the control algorithm, we need a rough
estimate (or called nominal value) of a(f) and b, denoted as
a and b, respectively. Then, the joint torque controller
based on the SME see Appendix 1, Fig.A3 can be applied
to system (33) directly and summarized as follows

T = lgil(&r +7q — c1é; — coe;)
2(0) = 7(0)

Ueq = low-pass (Mssign(i — 7)) (34)
P

Tr=b Uy

2:ﬁ"d—cléT—coeT—i—bT,—Mssign(é—%)

Tm = Tf + 7
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where Zz is the artificially introduced auxiliary variable,
which is actually an estimate of 7. Parameters a, l;, Co,
¢y, My, and the time constant of the low-pass filter have
to be provided by the control designer. Disturbance term
d(?) in equation (33) is highly time-varying but unknown,
thus it is not required by the controller implementation. The
proof of stability see Appendix 1.

This joint torque controller needs an inner current con-
trol loop. Same as the “Joint torque control by PD con-
troller” section, we will use the direct sliding mode
current controller in the current control loop for the simula-
tion study. The reference g-axis current feeding to the cur-
rent controller is calculated by 7 = 7, /k:, with k, being the
torque constant of the PMSM used in the robot joint. The
reference d-axis current is set to i; = 0 for the joint torque
control task (sure, i; can also be set to other values to
achieve corresponding control performance).

Simulation studies

Plant model used for the simulation

To verify the proposed control approaches, we use a two-
link flexible joint robot as the plant model, which consists
of the two-link rigid-body robot model can be given as

my mp || 4§, c1+g+f T1 )
o+ = , that is
my my | |4, 2+ g +f T2
myy mp . c1+g +f
M(q) = , Nlg,q) =
my My e+ g, +f>
(35)
with
mypy; = L%Mz
miy = my = my + LiLyM;cosq,
my = L3(My + M) + 2myy — ma
¢1 = —L1LyM5(24,4, — ¢3)sing,
¢z = L1L:M»§ising, (36)

2, = LaMsgceos(q, + q5)
g1 = Li(My + My)gcos(q,) + &,
f1="Fkng, + keisign(q,)
2 = kg, + keasign(g,)

where k,; and k.; (i =1, 2) are coefficients of viscous fric-
tion and coulomb friction, respectively.

The joint model given by the second and third equations
of equation (1), the PMSM model in the AC-form and the
voltage transformation were given by Ademi and Jovano-
vi¢.?° The final control inputs are the discontinuous control
voltages applied to the three stator windings, that is u, u,,
and us, taking values from the discrete set {—uq, +uo}.

The parameters of the two-link flexible joint robot used
for the simulation are listed in Tables 1 to 3. Note that for

7
Table I. Arm parameters.
M, (kg) M; (kg) Ly (m) L (m)
4 2 0.5 0.5
Table 2. Parameters for motor | and motor 2.
L(H) R(@2) o P ke (Nm/A) g max (A) Uo (V)
445 x 10° 068 024 4 (3/2)P2o 60 120

Table 3. Parameters of joint | and joint 2.
| (kg m?) k,, (Nm/(rad/s))
1.5 10,000 40 |

k (Nm/rad) vy

the simulation, the joint disturbance torque in equation (1)
is selected as 74, = k0 for both joints.

Reference inputs for testing the joint torque
controllers

Three types of torque reference are fed to each of the three
joint torque controllers:

(a) step input of 10 Nm with the step time at t = 0,

(b) 4 Hz sinusoidal input with 10 Nm amplitude for the
case of small signal tracking, and

(¢) 4 Hz sinusoidal input with 100 Nm amplitude for the
case of large signal tracking.

To test the robustness of the joint torque controllers, the
joint stiffness of both robot joints in the plant model is
changed from 10,000 Nm/Rad to 1000Nm/Rad and the
reference signals for the simulation are repeated from point
(a) to point (c), in order to verify the behavior of the joint
torque controllers in the case of very large joint compliance
without changing the controller parameters.

Controller parameters

The parameters for the all three joint torque controllers are
tuned to have a satisfactory torque control response for the
case of step reference torque input of 10 Nm (i.e. point (a)).
And then, these parameters remain unchanged for the all
other simulation tests.

For the joint torque controller given in the “Joint torque
control by PD controller” section, that is, the PD controller,
only three parameters for each joint are required, k,,, k4, and
ig_max. They are selected as

ki =4, kg = 0.05,
kys =4, kg = 0.05,

Ig1_max = 604

37
iq2_max = 604 ( )
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Figure 1. Step response of joint torque control: (a) response of joint | and (b) joint 2.

For the joint torque controller given in the “Joint
torque control by direct sliding mode control” section,
that is, the direct sliding mode control approach, we also
need three parameters for each joint, cq, ¢, and AL =
kyk,/J, see equation (30). Actually, parameter 4~ 'L is
dedicated for the construction of the sliding surface for
the control of stator current i; component (while stator
current i, component is not explicitly controlled). Simu-
lation shows that the joint torque control system is not
sensitive to this parameter, this result coincides with the

theoretical expectation by the author. For the simulation,
the controller parameters are selected as

Ccol = 20, 000,
Cop = 20, 000,

Cl] = 200,
C12 = 200,

(A47'L), =3.84 x 10°

(47'L), = 3.84 x 10°
(38)

For the control approach given in the “Joint torque con-

trol by SME” section, that is, the SME approach, some
nominal parameters are required for the pole placement
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Figure 2. Sinusoidal torque reference (small amplitude): (a) response of joint | and (b) joint 2.

of the torque tracking control. These parameters are
selected artificially to have some derivation with respect
to their true counterparts (because their true values are
actually unknown in practice).

Jmin=13J1/%

Jitn=15myy0=15 (L%Ml (L +L2)2M2>
ki_n=0.5k;

Jmrn=13J2/%

Ji_n=1.5my=1.5L5M,

k>_»=0.5k,

(39)

where J i n, Jiin, ki with i =1 to 2 being the nominal
values of motor-side inertia, link-side inertia, and
joint stiffness of the ith joint, respectively. With the
above physical parameter setup, the parameters used
to implement the joint torque controller (34) can be
given as

~ kl_n kl_n l; kl_n
a1 = —— - "
: 'Y%Jml,n Ji1n : 'Y%Jml,n
4
~ kZ_n k2_n 7 kZ_n ( 0)
S s T T B
V2J m2_n 2_n Y2JS m2_n



International Journal of Advanced Robotic Systems

(a) 300 : : : -

s Torque reference
~ 200 (| Direct sliding mode control
2 ----- SME-approach
2 100 (| weeeeeees PD-control
2
(=}
o0
E
3
= -100

-200 L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)
300 T T T T T T T T T
. Direct sliding mode control
§ 200 [ SME-approach
g 100 PD-control
o 5 5
% I L %
Z
(=]
= 2100 -
£
S =200 [~
300 L L L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)
(b) 150 T
Torque reference
2 Direct sliding mode control
Z SME-approach
é PD-control
<
1
a]
g
=]
<
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)
100 T ‘ ‘ T T T T T
. Direct sliding mode control
g/ ol |7 SME-approach
S | e | e PD-control
; —e
(o] z "’
=
= -
2 e
=
N
£ S0
=
-
-100 L r L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

Figure 3. Sinusoidal torque reference (large amplitude): (a) response of joint | and (b) joint 2.

Other controller parameters required for this joint torque
controller are ¢y, ¢;, My, and the time constant of the low-
pass filter. They are selected as

co1 = 20,000, ¢y} =200, My =2x10% p,=1x1073
co2 =20,000, ¢ =200, Mp=2x10% py=1x10"3

(41)

where j1; and p, are the time constant of the both low-pass
filters for both robot joints.

Theoretically, both the direct sliding mode control
approach and the SME approach possess the torque track-
ing control property. The former needs less controller para-
meters but the second time derivative of the joint torque

signal, while the latter needs only the first time derivative
of the joint torque signal but much more controller para-
meters. Thus, there is always some price to pay for a high
control performance. As to the differences in the dynamic
response of the both joint torque controllers, refer the dis-
cussions given below.

Simulation results and discussions

Figures 1 to 6 show the simulation results of the three joint
torque controllers applied to the two-link flexible joint
robot considering the AC-motor dynamics.

Figures 1 to 3 are for the case of normal flexible joint
robots with both joint stiffness k; = k,=10,000. From
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Figure 4. Step response of joint torque control (very large joint compliance): (a) response of joint | and (b) joint 2.

Figure 1, we see that the step responses of the direct sliding
mode control approach and the SME approach are similar,
they converge fast and smoothly to the reference value. The
step response of the PD control is a little bit slower and not
smooth during the transition phase. The control gains of the
PD-controller are set so that the possible fast step response
can be reached (just before vibrations occur). For the sinu-
soidal torque reference of small amplitude (see Figure 2),
all three control approaches have similar performance. For
the sinusoidal torque reference of large amplitude (see Fig-
ure 3), the PD control is unusable, this is because that the
PD-control results in a too large and fast changing refer-
ence current for the inner current control loop which cannot

be followed by the current controller. The SME approach
has a time delay in the torque response, see the plot for joint
2 in Figure 3. Among the three control approaches, the
direct sliding mode control approach has the best tracking
control performance for the case of large sinusoidal torque
reference. This result matches the expectation of the author.

Figures 4 to 6 are for the case of the flexible joint robots
with very large joint compliance, that is, very low joint
stiffness k; = k, = 1000. For the simulations in this cate-
gory, all other parameters in the controllers and in the plant
model remain the same as in the case of normal joint stiff-
ness (i.e. k; = k; =10,000). The step responses of the PD
control and the direct sliding mode control, see Figure 4,
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Figure 5. Sinusoidal torque reference (small amplitude, very large joint compliance): (a) response of joint | and (b) joint 2.

have no noticeable change with respect to the case of nor-
mal joint stiffness (comparing with Figure 1). Now the step
response of the SME approach has an overshoot, see the
plot for joint 2 in Figure 4. As mentioned before, the SME
approach needs the nominal value of some parameters, if
these nominal values differ from their true values too much
and the controller parameters (including i;_ma.x as well as
the DC-bus voltage u, for the inner current control loop)
are not readjusted, the control performance will be changed
accordingly. For the sinusoidal torque reference of small
amplitude under large joint compliance (see Figure 5), the
control performances of all three control approaches have

no remarkable change with respect to the case of normal
joint stiffness, that is, their control performances are accep-
table. For the sinusoidal torque reference of large amplitude
under large joint compliance (see Figure 6), the perfor-
mance of the PD control now becomes much better
(because the derivative of the joint torque signal is now
much smaller). The tracking control performance of the
direct sliding mode control is as good as that of the normal
joint stiffness case. The time delay of the SME approach is
now enlarged a little bit in some places along the time axis.
Again, the direct sliding mode control approach has the
best control performance as expected.
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Conclusions

This article focuses on the joint torque control problems for
flexible joint robots. It is emphasized here again that joint
torque is a well-selected state variable for the dynamic
control issues of this kind of robots, though the control
design and implementation is a difficult task. With the
decentralized joint torque control schema, the robot
dynamics are decoupled (between robot arm and robot
joints). Thus, the results for the control of rigid-body arms
can be used further. Three joint torque control approaches
are proposed: (1) The PD-type controller has some degree
of robustness by properly selecting the control gains. (2)

The direct sliding mode control approach which fully uti-
lizes the physical properties of electric motors. (3) The
SME approach was proposed to compensate the parameter
uncertainties and the external disturbances of the joint tor-
que system. These three joint torque controllers are tested
and verified by the simulation studies with different refer-
ence torque trajectories and under different joint stiffness.
As expected, the direct sliding mode control approach
showed the best control performance, but for the control
implementation, the second time derivative of the joint
torque signal is required. The SME approach tries to avoid
the second derivative of joint torque signal, but possesses a
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more involved control structure and needs more controller
parameters; and it generates a time delay when tracking a
reference torque signal with large amplitude. The PD-type
joint torque controller may become unstable.
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Appendix |

1. The block diagrams of three joint torque control approaches:

(1) joint torque control by PD controller,
(2) joint torque control by direct sliding mode control, and
(3) joint torque control by SME.

2. The stability of the controller (34) along with observer
described in the “Joint torque control by SME” section is
proved.

The proof of stability process is as follows:
Design control 7 as

T =b (ar + 74— crér — coe,) (1A)
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Figure A3. The block diagram of joint torque control by sliding
mode estimator.

where a and b are estimates (or called nominal values) of a
and b, respectively, and e, = 7, — 7 is the torque control

error. The first term 1571517 in equation (1A) seeks to com-
pensate the term 5~ 'a7 in model (33) (in this article) as a
type of feedback linearization. The second term in (1A),

b : T4, 18 a feed-forward term of acceleration of the desired
torque. Finally, the last two terms in (1A),
A1

b (c1é; + cpe,), are a linear pole placement controller.
Substitution of equation (1A) into equation (33) yields error
dynamics fore, =7, — 71,6, =74 — T,and e, = 74 — T as

é; + cre; + coe, :Tp—l;T, (1B)

The left-hand side of equation (1B) is linear with poles
determined by ¢, ¢1 > 0, but is subjected to the perturbation

term
b \. (b .\ b
Tp—<z_l>7'+<za—a>7'+zd

which may be simplified by
T = bty — at — d from equation (33) to

(1C)
substitution of

Tp:(a—&)r—i—(i)—b)rm—i—d (1ID)

In order to improve the control performance, the distur-
bance (1D) should be compensated for by the additional
disturbance rejection term 7,.in 7,, = 7+ 7,. Because 7, is
immeasurable, an estimate can be obtained using a sliding
mode observer of the form

Z=Fy4cre; +coe, + b1, —u (1E)

with Z being an estimate for 7. Basically, observer (1E) is a

copy of equation (1B) with 7 = % and observer feedback
term u as a replacement for 7, being defined as

u=(@"|r| + b || +d " )signz (1F)

Here, a™, b", and d" denote upper bounds for a, b, and
d, respectively, obtained from the bounds on the system
parameters and given as follows
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7 = max k* kt . k™ +k’
a= ——+— | —-a,a— | 5=+
Vo I Vo I
- Kkt o kT
b = max — 0D, —F
vJ vJ
- k*t k-
(1G)

where J; <J; <J/ is the link inertia, J,, < J,, <J} is
the motor/gear inertia, and kK~ < k < k' denotes the joint
stiffness.

The control discontinuity, denoted by the signum func-
tion sign() in equation (1F), is introduced along the obser-
vation error z = Z — 7. Note that for the implementation of
observer (1E), an initial value of 7,.is required. Because the
control gain of u should be high enough to enforce the
sliding mode, the response of the observer (1E) is insensi-
tive to this initial value 7,(0), implying that 7,(0) = 0 can be
used for the first calculation loop. Another remark needs to
be made is about the term 7, in equation (1F). As will be
shown later, the real control input 7, is a quasi-continuous
term, thus the control gain of u can be found to enforce the
sliding mode.

Stability of the observer system is ensured via Lyapunov
function candidate V = %22; differentiation along the
system trajectories (1E) with control (1F) yields

V= <%d +c1é.+coe. +br, — (@t +B+|7‘m| +El+)sign2— %)2
=7z~ T}|Z]

(1H)

where 7 = a*|7| + b |7 +d" > max(r,) ensures the
existence of sliding mode via
V<0 (11)
Because observer (1E) is calculated in the control com-
puter, the initial condition can be set as

2(0) = 7(0) (1)

such that z(¢#) = 0 for all # > 0, that is, sliding mode is
initiated immediately at # = 0.

In order to estimate the disturbance torque 7, to be
compensated via disturbance rejection term 7, in 7, = 7
+ 7,, the equivalent control method, see Utkin,' is

exploited here once again. In sliding mode, we have
z =2 —7 =0, that is

ézéT—FcléT—l—coeT—&—l;Tr—ueq:O (1K)

The control signal « in equation (1F) contains two com-
ponents: a high-frequency switching component resulting
from the discontinuous signum term and a low-frequency
component, that is, the equivalent control u.q. As discussed
in detail in Utkin,' the equivalent control is equal to the
average value of u, obtained by a low-pass filter. With this

in mind, #eq = ey = T, = low-pass (Mssign(f — T)) fol-

lows from comparing equations (1B) and (1K). Conse-
quently, selecting

Tr=b Ueq=0b Uy (1L)
leads to a closed-loop error dynamics
é,+ciée; +coe, =0 (IM)

where u,, can be obtained by a low-pass filter with
the discontinuous control u given in (1F) as the filter
input.

Hence, sliding mode estimator 7, successfully rejects
both the uncertainties in parameters a and b, and the addi-
tive disturbance d in equation (33) and allows controller
(1A) to perform exact pole placement. It should be noted
that the time constant or the bandwidth of the low-pass
filter has to be carefully chosen: to be faster than the per-
turbation dynamics given by equation (1C) for a successful
rejection of 7, but at the same time slow enough to avoid
exciting unmodeled dynamics (e.g. the neglected actuator
dynamics). In practical applications, since the spectrum of
the perturbation dynamics does not come into the spectrum
of the high-frequency switching (after sliding mode
occurs), a trade-off can normally be found for the selection
of the filter time constant. It should be pointed out that for
this SME design, only the first time derivative of the joint
torque signal is required, whereas the approach given by
Elmali and Olgac® would need the second time derivative
of the joint torque. Moreover, there is no need to assume
that the time-derivative of the system perturbation is equal
to zero.

1. Utkin VI. Sliding modes in control and optimization.
London, UK: Springer-Verlag, 1992.

2. Elmali H and Olgac N. Theory and implementation of
sliding mode control with perturbation estimation. In: Pro-
ceedings of the IEEE ICRA’92, Nice, France, 12-14 May
1992, pp. 2114-2119. IEEE.
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