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Improving Tracking Performance of Industrial SCARA Robots

Using a New Sliding Mode Control Algorithm

Min-Cheol Lee*, Kwon Son* and Jang-Myeung Lee**
(Received July 18, 1997)

This paper addresses the implementation of a new sliding mode control algorithm for high
speed and high precision tasks, which is robust against variations in the robot parameters and
load. The effects of nonlinear dynamics, which are difficult to model accurately, become
prominent in high speed operations. This paper attempts to treat the nonlinear dynamics of a
SCARA robot as a disturbance. Based upon this approach, a new sliding mode control
algorithm is proposed, in which a switching control input can be obtained easily and is
determined to satisfy the existence condition for sliding mode control. A graphic simulator is
used to evaluate the proposed algorithm for a SCARA robot. Simulation results show that the
proposed algorithm is robust against disturbances and can reduce the magnitude of chattering,
which is an unavoidable problem in sliding mode control. Experiments are carried out to

validate the simulated results with an industrial SCARA robot using DSPs.
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1. Introduction

A PID algorithm has been used for control of
most industrial robots. This algorithm, however,
cannot provide high precision for high speed
tasks where abrupt changes in dynamic parame-
ters oceur.

Unless the nonlinearities of robotic manipula-
tors are properly compensated for, control perfor-
mance is not satisfactory with a PID algorithm.
Also, an accurate mode! of a robotic system is
very difficult due to the nonlinear friction and
changes in the load during task execution. As fast
processors such as DSPs (digital signal proces-
sors) are developed, the nonlinear terms of
robotic manipulators can be calculated in real
~time (Nishimoto, 1983). Some research has been
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carried out using a PID control algorithm with
nonlinear compensation based on a simplified
dynamic model, but they still cannot allow a
robot to follow a desired path accurately at high
speeds (Fu et. @/ 1987; Nishimoto, 1985).

To overcome the problems of the unmodeled
dynamics involved in high speed tasks, many
researchers have used sliding mode control, which
is known to be robust against parameter varia-
tions and load changes (Dong and Shifan, 1996;
Fruta and Tomiyama, 1996; Harashima et al,
1986; Hashimoto et al, 1987; Parra-Vega et al,
1994; Young, 1978; Slotine, 1983; Utkin, 1978;
Wang ef al, 1994). Lee and Aoshima (1993)
proposed an algorithm where the unmodeled
dynamic terms were considered as an external
disturbance, and applied their sliding mode con-
trol algorithm to three d. o. f. robots. Their
algorithm suffered from inherent chatiering
caused by excessive switching inputs around the
sliding surface.

This study proposes a new sliding mode con-
trol algorithm which reduces chattering in the
presence of nonlinear terms and is robust against
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variations in the parameters and payload. The
implementation of this algorithm in a SCARA
robot is easier than other dynamic algorithms,
since all the nonlinear terms are treated as a
disturbance. A three-dimensional graphic simu-
lator was used for the comparison of different
algorithms (K. Son, et al 1994). The perfor-
mance of the suggested algorithm is compared to
that of the computed torque algorithm in the
simulator. The validity of the control algorithm is
demonstrated in a real environment where param-
eter variations exist. Experimental results dem-
onstrate that the proposed algorithm is accurate
and robust. The
SCARA robot implies that the algorithm is appli-

success in controlling the
cable to the real-time control of industrial robots
using DSPs.

2. Controller Design

2.1 Dynamic model

A four-axes SCARA robot is shown in Fig. 1.
The forward kinematics are obtained using the
Denavit-Hartenberg representation and the equa-
tions of motion are derived from the Lagrange
-Euler equations as follows:
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are the inertial force, Coriolis and centrifugal

where

forces, gravity force, viscous friction, and Cou-
lomb friction terms, respectively. The detailed
expressions of all terms are listed in the appendix.

The dynamic equations of an actuator for each
jolnt can be written as

TniOni+ Bilmi+ =t (5)

where [... Bmi» Tmi» and g; are the moment of
inertia, viscous damping coefficient, equivalent
driving torque, and control input voltage, respec-
tively. The nonlinear dynamic terms in Egs. (1)
to (5) are replaced by the disturbance F, and the
simplified dynamic equations of the whole system
can be written as

Jib+ BB+ Fi= ki, (6)

where (), is the rotaion angle of the jth link ; /, is
the linear equivalent inertia of the zth link in-
cluding the 7th motor shaft and reduction gears;
B, is the equivalent damping coefficient of the jth
motor and reduction gears ; and k, is a constant
to be determined that reflects the motor torque
coefficient, gear. reduction rate and armature
resistance.

2.2 Sliding mode control

The sliding mode control ler 1s based on vari-
aole structure systems (VSS) and is characterized
bv a discontinuous control which changes “struc-
ture” upon reaching a set of predetermined swit-
ching surfaces in the state space (Utkin, 1978).
The shiding mode controller is robust against
parameter uncertainties, nonlinear components,
change of parameters, etc. When switching delays
are present, however, the trajectories chatter
around the switching surfaces (Young, 1978). In
this section, a new sliding mode contro! algorithm
is proposed for robust control with less chatter-
ing, even though nonlinear terms are included as
a disturbance.

To design a sliding mode control for a multi
-input system, the general equation in state space
is considered as follows:

x=flx, O+Bl 6 u
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where y is a state vector and y is a controi input
vector. When the jth switching surface is s, (y) =
0, the /th component z; of z is selected as

(i=1. - m).

(&)
The sliding mode in a multi-input system does

=0, but in s(x) = (s 520 -
sm) =0. For sliding mode control with multiple

o {zt, (zo 1) i s:(x) >0
oLy, B i s <0

not oceur in g;{y)

inputs, the control hierarchy method is selected
because of its robustness properties similar to the
design of a single input VSS. In the control
hierarchy method, each switching plane satisfies
one by one the existence condition of a sliding
mode, s;(x)
a lower one (Utkin, 1978 :

shima, et al.,

=0, from a higher order hierarchy to
Young, 1978 ; Hara-
1986). By a hierarchy of switching
planes, the sliding mode occurs on higher switch-
ing planes in the hierarchy. However. the condi-
tion g, (y) ==0 is not feasible for real systems. In
this paper, a quasi-sliding mode control is used
where the sliding mode of higher order hierarchy

occurs in | s;(x) s instead of s, (y)=0.

For a control system to be in sliding mode, the
system should satisfy the existence condition
(Utkin, 1978: Young, 1978; Slotine, 1985; Hara-
shima, et al, 1986).
bance as in Eq. (6), a control input M can satisfy

For systems with a distur-

the existence condition only if the maximum
disturbance value F; is known and the input M
1978; Hara-
a consequent

can suppress a disturbance (Utkin,
1986) .
problem is that tncreased chattering is unavoid-
able due to the larger value of M (Lee. M C. and
Aoshima, N.. 1993).

This paper proposes a new algorithm for easier

shima, et al, However,

application of the sliding mode controlier by
using 5g. (6) to reduce chattering and suppress
disturbances.

Let the desired angle, angular velocity, and
angular acceleration of the ;th joint be denoted
bY Oue G and (e
sponding measured angular quantities denoted by

respectively, and the corre-

0w 4. and @, respectively. The errors can be
defined as

€;== 0= Our,
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A switching line for the siiding mode can be
expressed as
si= et @, (10)
where g, is the jth switching line and ¢; is the
corresponding siope.
From Egs. (6) and (8) the existence condition
of the sliding mode can be derived as
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If relations (12) are satisfied, the sliding mode
occurs because s,§, always becomes negative.
When C,‘[/\ B[/]is

which satisfies relations

the 7th joint control input z;
(12) is obtained as fol-

lows:
= Gaici + it dailas + i (13)
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where ¢, and ¢, are introduced to represent the
feed forward control input terms which ensure the
existence condition of the sliding mode against
unfavorable effects of ¢, and 4, on trajectory
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tracking. ¢, is the modified control input not
only for suppressing disturbances but also for
decreasing chattering. The magnitude of the non-
linear terms in Eq. (6) is assumed to decrease as
the error converges to zero. Therefore the value of
Ma; in ¢, is proportional to the absolute value of
the error influencing the chattering magnitude.
That is, ¢,; can be smaller because the magnitude
of nonlinear terms related to the tracking error is
smaller as the trajectory converges to a desired
trajectory. Therefore, the smaller supplied ¢,
reduces chattering. The value of AM,; in ¢y is
selected based on the maximum value of .

Other possible causes of chattering are sudden
changes in velocity around a switching line. To
decrease these changes, A/, is chosen as

M= M 1 sie < (14)
M if 5;¢,>0

where J,; is selected as the larger value M.,
when it is supplied in the convergence direction to
a desired trajectory, and the smaller value Mg, is
used in the opposite case.

There exists a sliding mode at joint ; when the
existence condition of s,¢,<0 is satisfied. The
existence condition can be derived as

SiS =S ( Cieit (.3.1')

= S12<C’z* B >+sz-ez-< B (‘,-+*/€l,' Par— ('?)
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If each term in inequality (15) is negative, the
existence condition is always satisfied. Equation
(15) can be used to obtain the maximum values
of the switching parameters in Eq. (13).

For a multi-input sliding mode control, the
switching control input given by Eq. (13) should
be supplied by a hierarchical control method. The
control hierarchy used in this study is the hybrid
method which can eliminate both gravity effects
The method
switches proportional control to sliding mode

and interactions between links.
control for the links of lower order as the links of
higher order enter quasi-sliding mode. That is. if

the state variables of higher order satisfy | s, | < ¢,

Fig. 2 Phase plane with a dead zone around the
switching line.

those of lower order enter sliding mode, and then
all the state variables of the lowest order gradu-
ally enter sliding mode.

However, in this case the chattering remains
within a certain range because of the large M,
although the state variables of the control system
converge to a desired trajectory. In this study, to
reduce this chattering, a high gain of A, is
changed to a lower gain M, if a trajectory
tracking error falls within a preset dead zone as
shown in Fig. 2.

The phase plane for the error states of each link
is shown in Fig. 2, where the line g—¢ is a
switching line of ¢=0. Lines ¢ — ¢ and ¢ — ¢/ are
the additional lines used to determine whether the
higher order class converges to the sliding mode
in hierarchical control. The magnitude of chatter-
ing is denoted by [, which is the distance
between the switching line and the state variable
and expressed as

D | cooit e
Jei+T

A dead zone is set and its width is described by

B (16)

D=¢ between lines ¢q—aq and p— b to reduce
chattering. Reduction of chattering can be expect-
ed by changing the value of A4, in ¢, of the
control input with a smaller one once the state
variable falls into the dead zone.

2.3 Consideration of payload
Industrial robots for carrying objects experi-
ence changes of payload during assembly work.
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Fig. 3 Control block diagram.

We replace the dynamic effects of each joint by a
gripper mass., %, assuming the effect as a
change of payload. The control loop with the
payload is shown in Fig. 3. where a control input
U is derived from the existence condition to
satisfy the sliding mode around the switching line
with state variables ¢, and ¢,. The same control
input U is supplied to a robot, and a trajectory
tracking performance of the controller is inves-
tigated by comparing control results in two cases,
with the payload and without the payload. To
investigate the effect of an added payload, a
payload 77 attached to the gripper. The dynamic
terms affected by the added payload % are denot-
ed by attaching the prefix "A’. By adding payload
7, terms in Eqgs. (1) to (4) are changed to

AHu=m(E+ 4+ 20k cos O)
A]{]zi/lffm:: }ﬁ(/j JFZ/( /2 COS (/}g)
A[[zz’—"ff?/f

AHz=

Ahne= —2mh L sin O,

A= —mllsin 6

1411211 = 7%/1 /2 Sill ()2

Ahore= — han= —0.5Ml b sin &
AGs=—mg (7

3. Simulation

The proposed sliding mode control algorithm
was evaluated on an off-line programming sys-
tem. Specifications of the SCARA robot used in
the simulation are listed in Table I. The numeri-
cal integration was carried out using the fourth
order Runge-Kutta method. Software was devel-
oped for simulation of the dynamic sliding mode

Table 1 Specifications of SCARA robot.
T Axis | Axis | Axis | Axis
T B S A
Mass of link (kg) : 15.07| 899 | 1.50 | 100
Length of link (m) ‘ 0.351 0.0 | 0.40 |0.07

Visicosity coefticient of link

. 0.79] 0.33 1 0.70 |0.30
(gfecm/rpm)

Inertia of motor (g cm sec?) 0517 0.14 1 0.09 ;0.023

Damping coefficient of motor
X 0.2 101 | 008 |0.08
(kgf-cm)
Electromotive force constant I
225 200210 | 185

(V/krpm}

Torque constant (kgf-cm/A) 2191204 2047 18

control to cope with the time-varying disturbance
7, in Eq. (6). The developed software was trans-
planted to the off-line programming system.
Quantitative and graphical comparisons between
the proposed sliding mode control and the
computed torque method were made.

The multi-input shiding mode control of the
manipulator was achieved by the hierarchical
control method where link | has the highest order
and the sliding mode occurs successively in the
order of links 2, 3, and 4. The states in an error
state space of each link are denoted as s,. $s s
and g;. The lower order link 2 is controlled by the
proportional control input until state g, converges
into e. As soon as state g, of link | converges into
&. the sliding mode control input is supplied to
link 2. It is supplied by the same method until the
sliding mode control reaches the lowest link. The
slopes of switching surfaces and parameters in Eq.
(11) are shown in Table 2.

An illustrative example is given for a case when
the end effector moves from the start point
(250mm, 100mm, 20mm, 40°) to the end point
(250mm, — 100mm, 200mm. -40°) as in Fig. 4.
The robot trajectory was planned on the off-line
programming system to calculate the correspond-
ing joint angles. These angles were then used as
reference inputs to the trajectory tracking control.

The simulation results obtained by the comput-
ed torque method in the case of a free payload are
shown in Fig. 5, and the results of the sliding
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mode in the same conditions are shown in Fig. 6.
The results show that both the computed torque
method and the sliding mode control enable the
end-effector to follow the desired trajectory accu-
rately. However, in applications to die polishing
by a polishing robot, which needs a large polish-
ing force and should endure various torque
changes. the trajectory tracking control by the
computed torque method may be degraded due to
payload change.

To evaluate the tracking performance in the

Table 2 Switching parameters.

Axis | Axis 2 Axis 3 : Axis 4
¢ 15 15 | 12 { 20
b 800 850 (550 | 1550
M. —100 —80 —850 — 150
M, 80 | 70 | —180 | —d40
M, —50 ¢ —50 50 —~30
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Fig. 5 Results of trajectory tracking by computed
torgue method.

case of payload changes. another simulation for a
payload of 8 kg was performed with the whole
control gain unchanged. The tracking errors
obtained by the two control algorithms are shown
in Figs. 7 and 8. It should be noted that different
scales are used in the graphical representations. In
the case of the computed torque method, the
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Fig. 6 Results of trajectory tracking by sliding
mode control.
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tracking errors increased except at joint 4. Partic-
ularly at joint 3, the maximum deviation from the
desired rtrajectory reached 28 mm as can be seen
in Fig. 7. However. in the case of sliding mode
control, the maximum tracking error was only
0.75 mm at joint 3 as shown in Fig. 8 This
demonstrates that the proposed control algorithm
possesses robust tracking capabilities even when
the nonlinear terms in Egs. (1) to (5) are consid-
ered as a disturbance.

4. Experiment

Figure 9 shows a control system implemented
in order to verify the performance of the proposed
algorithm. A FARA robot (SM2) of SCARA
type manufactured by Samsung Electronics Com-
pany was used in this study. A DSP board was
used for the real-time signal processing to control
the first two joints of the robot through the 1/0
board for two axes.

A PD control was selected as a reference con-
trol algorithm in order to compare the suggested
sliding mode control. To obtain the best sets of
parameters for the robot, the experiments on the
step responses were carried out by trial and error.
Figures 10, 11 show the best results among the

Control_command
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DS ¢ dresss  2-axis |f."-;,:" Servo= -
Hoarid 1 /0 [ L Deive "
I Peodate Hesclve
THS3200 28 Hoard || ;
L. W/R ] oard | - T ]
T | i FATA ROBOT
o 1 ! [SCARA TYPE}
|
(. | .
i K l-']ﬂl - _ar_nay
| 4 | 'y
Power— | ! i 1 Main
HIL controller Ml verter s iIr==n.~- -
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Fig. 9 Block diagram of control system.

Fig. 10 Step response of axis | by PD control.

step responses obtained for PD control of axes 1
and 2, respectively. The proper proportional and
derivative gains of axes | and 2 were chosen as
Ko=2 K.,=025 Kp=2. K;$=0375, respec-
tively. The chosen gains were used in trajectory
tracking.

P> control was performed while the end-ef-
fector moved from the start point (400 mm, 150
mm) to the end point (400 mm, — 130 mm) in the
x - v plane. Figure 12 shows the trajectory track-
ing result by PD control, which yielded a larger
error maxtmum of about 5 mm.

To apply the shiding mode controi to a real
system. the boundary conditions of the switching
surface need to be obtained. An ideal impulse is
required to obtain the flat power spectrum in a
wide frequency range. However, it is sufficient in
practice for an impulse to have a flat power
spectrum in a limited frequency range. The
waveform of such an impulse can be Fourier
transformed and passed through a mathematical
phase shift filter. The spectrum of the signal is

Fig. 11 Step response of axis 2 by PD control.

s

Fig. 12 Trajectory tracking by PD control.
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constant in magnitude with the phase delay. If
this signal is transformed into the time domain
through the inverse Fourier transform, the test
signal may have a lower amplitude and larger
duration. The test signal is applied to the system
whose parameters are to be estimated. A response
obtained from the system with the input signal
can be compressed through the FFT (fast Fourier
transform), an inverse phase shift filter, and IFFT
(inverse fast Fourier transform). These processes
are all linear, so they can be interchanged with
other linear operations. Since linear operations
are interchangeable, the compressed signal is
identical to an output signal when a pulse signal
is supplied directly to the system. These processes
are known as the signal compression method,
originally proposed by Aoshima (Aoshima,
1984). For systems with a single input and a
single output that include a nonlinear term, the
stgnal compression method is known to identify
the inertia moment or viscosity friction coefficient
(Lee and Aoshima, 1989). When using the signal
compression method, the response of linear and
nonlinear elements can be divided so that the
linear part can be extracted. Using the obtained
impulse response, parameters of linear elements
can be approximately acquired. That is, a com-
parison is made between the two Bode diagrams
of the system transfer function and the impulse
response of the linear element.

To determine the switching parameters, the
values of inertia / and damping factor B of the
whole system are obtained experimentally using
the signal compression method (Table 3). Then
the switching parameters are derived for the case
of ¢,=4 and ¢,=4 to satisfy the existence condi-
tion of the sliding mode (Table 4).

A total of 4,000 sets of angle and velocity data
were stored in the memory with a sampling
period of 1 msec. The thresholds &, and g, were
chosen as 0.5 for the quasi-sliding mode. The

Table 3 Estimated parameters of control system.

J kg« mY) B(kg - m*/s)
Axis | 0.20438 1.2703
Axis 2 0.06162 0.7864

proportional gains K, =K,,=1 were used to
determine the contro! input before the sliding
mode occurred. The values of the dead zones D,
and D, were set equal to 0.5. Each value of 3/, in
Table 4 was changed to M, within the dead
zone. Figure 13 shows a step response under the
sliding mode control with the preset dead zones in
the error state space. The state trajectories were
found faithfully follow to the switching line. This
shows that the signal compression method is
adequate for identifying parameters to obtain the
switching input gains.

Figures 14 and 15 show the velocities of axis |
under sliding mode control without and with the
preset dead zone, respectively. The reduction of
chattering around the steady state is obtained by

Table 4 Switching parameters of control system.

o M, M::
, ) 0.0625 $>0
Axis | 0.5 0.25
—-0.1719 {0
) B 0.156  $>0
Axis 21 0.5 ) 0.25
-0.0547 <0
Ast: s g
29.2
o w.m
{ . T R
eldgl -571 ")
_ — —
Axig 2 o tey
R 229.2
2/! h"h.\.ﬂv&"\-‘\\- as
: B
eldeg) 573 [+

Fig. 13 State trajectory in ecrror stale space.

Fig. 14 Vclocity of axis | without dead zone.
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Table 5 Control gains for trajectory control. Table 6 Small gain for distrubance term.
Axis | Axis 2 Axis 1 Axis 2
« —0.50 siey >0 —1.81 Sp¢2 >0 " 0.25 si>0 0.25 5 >0
! 0.31 s, <0 0.50 se.<0 H -0.31 $<0 —0.25 <0
5, 013 6,>0 019 6,0 . 0.16 51>0 0.16 >0
Tl =031 §8a<0 | —0.69  56,<0 Rl ' §<0 —0.16 52<0
M 0.31 5 >0 0.25 $2>0
"l —0.38 §1<0 —031 5<0 150 r B
| | ---== reference
M 017 51>0 020 32>0 ood H— exparirment !
031 $:<0 ~0.20 $2<0 } ;
50+ |
3 \ |
200 — —_— t‘. 0 :l.
- roterence | R ] ;
- | | |
i 1 i i
T S — wl
|
' J80 350 ann 410 az0
| xo(mrm)

timelsec)

Fig. 15 Velocity of axis 1 with dead zone.
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Fig. 16 Trajectory tracking by sliding mode con-
trol using larger M.

the addition of the dead zone.

It was experimentally verified that the proposed
algorithm, by decreasing the value of },, to that
of M, within the preset dead zones, reduced
chattering. To evaluate the effects of the control
gain, the experiment was performed for the case of
the larger values of M, as in Table 5. The
experiment was done for a task where the end
—effector moved in | Sec from the start point (400
mm, 1[50 mm) to the end point (400 mm, — 130
mm) in the x—y plane.

Fig. 17 Trajectory tracking by sliding mode con-
trol using small M.

Figure 16 shows the tracking trajectory in the
case of large M,,. It was known that the end
-effector follows the reference trajectory well, but
the chattering becomes larger. To reduce the
chattering, a smaller value M,; was selected as in
Table 6. Figure 17 shows the corresponding
result: the tracking error becomes larger while the
chattering becomes smaller. The larger tracking
error is due to the fact that the smaller value M;,;
does not sufficiently compensate for nonlinear
terms such as friction force, backlash, etc. There-
fore, the control gain M, within the preset dead
zones should be selected by considering both the
magnitude of chattering and allowable error.

A method to reduce both chattering and track-
ing error can be explained with Fig. 18. The
control input gain Af;, is changed adaptively to
between values of Af,; and M, in the region of
Dy and Dy, Figure 19 shows the tracking trajec-
tory for the values listed in Table 7. The maxi-
mum deviation from the desired trajectory is less
than 0.8 mm in spite of neglecting all the non-
linear terms. Chattering and tracking error are
smaller than those in Figs. 16 and 17. A compari-
son of trajectory tracking performance in Figs. 12
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Table 7 Gains for continuous dead zone.

Axis | Axis 2
- |
My 0.4 0.4

Dy \ 0.075 i 0.075
S | -
M
_ _\hl Dy
U b

Fig. 19 Experimental results obtained by the

proposed sliding mode control.

and 19 shows that the proposed sliding mode
control is better than the PD control. Figures 20
and 21 show the tracking result of axes | and 2 in
the joint coordinates. These results show that the
proposed algorithm can provide reliable and
robust tracking performance.

5. Conclusions
The trajectory tracking performance of a
SCARA robot has been investigated using the
proposed sliding mode control algorithm. It was
shown, through simulations and experiments. that
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Fig. 20 Angle tracking of axis | by sliding mode
control.
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Fig. 21 Angle tracking of axis 2 by sliding mode

control.

the proposed algorithm provides improved perfor-
mance even though the unmodeled dynamics are
disturbance. The
chattering related to the sliding mode control can

considered as an external
be reduced to a negligible level by decreasing the
switching parameter gains to smaller values when
the state variables fall into a dead zone predeter-
mined along the switching line. Prior to the
implementation of the suggested algorithm, a
dynamic simulator had been developed and was
used for the determination of control gains and a
dead zone. The dynamic simulator was also used
in the comparison of the proposed algorithm and
the computed torque method. The experimental
results show that the proposed algorithm is supe-
rior to conventional ones and easily applicable to
industrial robots.
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Appendix

Ho=wmuls+ L+ m I+ &+ 201z cos &)

+ LA+ (ma+m) (F+EB+2006cos &) + 1
Hi= [121 = ma( [(Zz+ 11 /(»2 Cos 02) + [2

+ (ms+ ) (B+20 1 cos &) + 1,
Hap=nwl%+ L+ walf+ ma 3+ I
Hy= Ha= Ho=Hp=—1
Hayz=mia+ my
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Hys= Ha= Hp= H3»= H3= Hy;3=0
hie=—2malilcz sin 6 —2(ms+my) hilr sin O,
o= —malilez sin — (ms+ ma) hilrsin Gy
hen=mallcz sin Go+ (ma+ma) hile sin 0
hore=—haz

= “0-5(7%2[1[c2 sin 492+ (WL:H” WZ4) 11[2 sin 52)
Gi=G=(,=0
Gs=—g(ms+my), g=9.8m/sec?

where,

v; . viscous friction coefficient of joint ;

ksgn(6;) : Coulomb friction

@; : rotation angle at joint ;

ds . translational displacement along axis 3

m; . mass of link ;

[; . length of link ;

[.: . distance from base joint of link ; to center of
mass g

I; : inertia of link 7



