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ABSTRACT In this paper, we propose a novel coordinated control method based on decoupling servo control
to design a 4-DOF direct-drive SCARA robot for wafer handling purpose. As the basis of decoupling servo
control, the dynamic model of the SCARA robot is obtained with two methods, the Newton—Euler equation,
and Lagrangian equation. The validity of this SCARA dynamic equation is confirmed by these two methods.
Due to disturbance and model uncertainty, three PD plus robust controllers are individually applied to three
axes of the SCARA robot, together with decoupling control on three physically dynamically highly coupled
robotic arms. The inverse dynamics of the SCARA robot is analyzed by feedback linearization, and the
experimental results show that above PD plus robust controllers and decoupling control reduce the position
tracking error effectively. Performance meets with the high speed and high precision requirements in the
wafer handling process. The experimental data shows that the decoupling control algorithm makes the
SCARA robot performance improved a lot. The position errors during dynamic tracking movement and

the static errors are reduced by 4 to 20 times.

INDEX TERMS Decoupling control, direct-drive, wafer handling, SCARA robot.

I. INTRODUCTION
With high density integration of integrated circuits, the preci-
sion and motion smoothness requirements of wafer handlers
are getting stricter and stricter. Wafer handling SCARA robot,
an indispensable device in the Integrated Circuits manufac-
turing, can transfer and align wafers during different working
procedures [1]-[4]. Meanwhile, Wafer handling robot is a
multi-disciplinary product including machinery, electronics,
computer, and in the limited space to achieve the rapid conver-
sion of the wafer station, so an increasing demand for a higher
speed, higher reliability, and higher action precision [5].
Several methods have been proposed in the paper related
to the design controllers for robot manipulators such
as proportional-integral-differential (PID) [6]-[8], sliding
mode control [9]-[11], fuzzy logic control [9], [12], [13],
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adaptive control [14]-[16], neural network [17]-[19], back-
stepping method [20], [21], artificial intelligence [22], etc.
The work of Son et al. [23] proposes a control system
combining adaptively feed-forward neural controller and
PID controller. The adaptively feed-forward neural controller
dynamically identifies all nonlinear features using an inverse
neural NARX (INN) model. The experimental results of their
work have shown the performance and merits of the proposed
control method. However, the control algorithm is compli-
cated. The work of Fateh and Fateh [24] proposes a fine-
tuning fuzzy control of robots. With this controller, trajectory
tracking control simulations and experiments were carried
out using an articulated electrically driven robot manipulator.
The convergence analysis can robust track target path effi-
ciently. However, the fine-tuning fuzzy control adapts only
one fuzzy rule. The work of Rossomando Soria [25] proposes
a neural sliding mode dynamic control in the discrete-time
domain. The weights of the radial basis functions (RBF)
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can be regulated by an online adaptation law. The sliding
surface can limit the adaptation law, and the compensation by
sliding surface is designed to delete the approximation error
introduced by the neuronal controller. However, the neural
sliding mode dynamic control theory is not yet integrated,
the parameter setting is difficult and the application field
is limited. Since the SCARA robot manipulator being com-
posed of several joint bonded together so that the joint have
highly nonlinear dynamics with a strong link between them,
traditional method is difficult to achieve good dynamic and
stability performance.

In recent years, with the development of non-linear con-
trol, decoupling servo control has attracted much attention.
Decoupling servo control is based on the concept of the
nonlinear estimation. Several paper [26]-[28] have been pro-
posed related to decoupling servo control. However, decou-
pling control has not been applied to robots with 4-DOF
direct-drive robot. In this paper, we propose a novel coor-
dinated control method based on decoupling servo control
to design a 4-DOF direct-drive SCARA robot is for wafer
handling purpose. As the basis of decoupling servo control,
the dynamic model of the SCARA robot is obtained with two
methods, the Newton-Euler equation and Lagrangian equa-
tion. The derivation results of these two methods meet with
each other. Due to disturbance and model uncertainty, three
PD plus robust controllers are individually applied to three
axes of the SCARA robot, together with decoupling control.
The inverse dynamics of the SCARA robot is analyzed by
feedback linearization, and the experimental results show
that above PD plus robust controllers and decoupling control
reduce the position tracking error effectively. The experimen-
tal data shows, decoupling control algorithm makes SCARA
robot performance improved a lot. The position errors during
dynamic tracking movement and the static errors are reduced
by 4 to 20 times.

This work is organized as in the following way: Section II
shows the mathematical representation of the SCARA robot
kinematics and dynamics. The feedback decoupling lin-
earization and robust control of the decoupled system are
studied in Sects. 3. The simulation models of SCARA robot
is shown in Sect. 4. Experimental results are shown in Sect. 5,
showing the performance of the controllers. Finally, the con-
clusions are shown in Sect. 6.

Il. THE KINEMATICS AND DYNAMIC MODEL

OF SCARA ROBOT

Fig. 2 reflects the structure of the SCARA robot, which has
three rotational joints distributed in the X-Y plane and a
prismatic joint along the Z-axis (vertical axis) direction. Since
the three rotational joints of the direct drive SCARA robot
on the XY plane are strongly coupled, this paper focuses on
the kinematics and dynamics mode of the three rotational
joints. Three rotational arms are called Shoulder, Elbow,
Wrist, respectively (see Fig. 1). Based on above definitions
and explanations, this paper proposes a direct-drive SCARA
robot decoupling control algorithm.
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FIGURE 1. SCARA robot manipulator.
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FIGURE 2. Schematic diagram of the SCARA robot.

TABLE 1. D-H parameters of the SCARA robot.

Joint 0.y ai d; 6
1 0 0 0 Os
2 0 R, 0 Ok
3 0 R, 0 Ow
Tool coordinate system origin 0 R; 0 0

A. JACOBIAN FOR SCARA ROBOT

Table 1 lists the modified D-H parameters for the SCARA
robot and Figure 2 shows the modified D-H coordinate sys-
tem of each joint, the length of each link and the centroid of
each link e Now we use these Link parameters to compute the
Jacobian Matrix of the SCARA robot.
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Let: (xs, ys) = (0,0)
Through the geometrical relationship between the various
links, we can get the following equations

xg = Ry cos(Oy)

YE = Rj sin(0s) ()
xw = Ry cos(fs + Og) + Ry cos(bs)
yw = Rz sin(fs + 6g) + Rj sin(fs) 2)

x7 = Rz cos(fs + O + Ow) + Ry cos(Bs+6r) + Ry cos(bs)
yr = R3sin(0s+6g+0w) + Ry sin(fs + 6g) + R sin(6s)
3

By dividing both sides of Eq. (3) by the differential time
element, we get the Jacobian

x7 = [R5 sin(@s +0g + Oy )—R> sin(fs +6g)— R sin(bs)]6s
+[—Rs3 cos(s +0k +0w)—Ra cos(Bs + 0g)10k
—R3 cos(Os + O + 9w)éw @)
y7 = [R3 cos(0s +0r +0w) + Ra cos(0s +0g)+R1 cos(0s)10s
+[R3 cos(fs + O + Ow)+Ry cos(0s +0£)10k
+ R3 cos(fs + O +0w)fw (5)

The general form of the Jacobian (In the X-Y plane) is
, bs
(?T ) —J| 6 (6)
yr :
Ow
From Eq. (6), it’s clear that the Jacobian reflects the trans-
formation from joint velocities to Cartesian velocities. The

Jacobian written in Eq. (6) is derived from Eq. (4) and Eq. (5)
as below

J
_ |~R3Ssew —R2Sse —R1Ss —R3Ssew —RaSse —R3Ssew
R3Csgw +R2Csg+R1Cs  R3Cspw +RyCspR3Cspw
@)

where Ssgw is the abbreviation of sin(fs +6g +6w ), Csgw for
cos(0s + 0 +6w), Ssg for sin(fs +0g), Csg for cos(0s +6k),
Ss for sin(fs), Cs for cos(fs) and so on. The length of the
link R;, centroid of each link L;, the angles s, 6 and Oy are
shown in Fig. 2.

B. DYNAMIC MODEL

In this part, the Newton-Euler equation and the Lagrangian
equation are used to obtain the dynamic model of the SCARA
robot, respectively.

The Newton-Euler equation is used first. The force rela-
tionship between the links of the SCARA robot is shown
in Fig. 3. By using force equations (Newton’s 2nd law) and
moment equations (Euler’s law), we can derive the force
equations for arms of SCARA robot

Swx N _ ( m3¥3
() = (i) ®
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FIGURE 3. The force relationship between the links of the SCARA robot.

(fEx ) _ <mp'52 + fwx ) _ <M25C'2 + m3X3 >] )
fEy may2 + fwy ma¥ys + m3y3
T\ _ <m15€'1 + fEx ) _ [ X1+ moXay + m33 )
Ssy my1 + fEy miy1 + mpys + m3y3
(10)

nwy = Low—m3X3(3—yw)+msys(xz —xw)  (11)
ng = nw + haop — mXa(y2 — yg) — may2(xg — x2)

+fwxOw — YE) + fiy(xg — xw) (12)
ns = ng + hog — m¥ (y1 —ys) +my(x; — xs)
—fEx(OVE — ¥s) + fey(xE — X5) (13)

where ny, ng, ng are moment (or force) on three joints of the
SCARA robot, and m;, I; are the mass and inertia of each link,
respectively.

ws =0s, @5 =05

wWg = éE +ésd)E :éE +ég

ww = s + 0 + Owaw = s + 0 + Gy
where 0, é, § are joint angle, velocities, and accelerations
respectively.

Substituting the variables (the acceleration of each cen-
troid, the coordinates of the position of each centroid,
the coordinate position of each link) into equations (11), (12),
and (13). After simplification, it’s shown as below

ns = (I + b+ Iy + m L} +myL3 +moR3 + m3L3 + m3R?
+ M3R% + 2m3L3R1Cew — 2mpLoR1CE
—2m3L3R>,Cyw — 2m3RyR; CE)é.S
+ (I + I + moL3 +m3L3 + m3R3 + m3L3R, Cew
— myLaRCg — 2m3L3RyCyy — m3RaR Ck)fg
+ (3 + m3L32 + m3L3R{Cgw — m3L3R2CW)§W
+ (=m3 L3R Sgw + maLaR1Sg 4 m3RoR1 Sg )67
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+(—=m3LaR Sgw + m3LaRoSw)65,

+ (=2m3L3R1 Sgw +2moLa Ry Sg +2m3RoR1 Sg)0s O

+ (—2m3L3R 1 Sgw + 2m3L3R25W)égéW

+ (=2m3L3R1 Sgw + 2m3 L3R Sw )0k Ow (14)
ng = (L + I +m3L3 +m3R5 + maLi — 2m3L3RyCyy

+m3L3R Cgw — m3RyR1 Cg — moLoRy Cp)s

+(h + 13 +m3L§+m3R%+m2L§ — 2m3L3R2CW)§E

+ (I3 + m3L3 — m3L3R>Cyw 0w + (m3L3R Sgw

—m3RyR 1 Sg — mszR]SE)ég + m3L3RQSWé%V

+ 2m3L3R2Sw 050w + 2m3 L3Ry Sw Or Oy (15)
nw = (I + m3L3 — m3L3RyCy + m3LsR; Cpw)fs

+ (3 + m3L32 — m3L3R2CW)éE +(13 +m3L32)§W

+ (—m3 L3Ry Sw +m3L3R1 Sgw )05 +(—m3 L3 RoSw)07

+ (=2m3L3RaSw)bs 0k (16)

When the Newton-Euler equations are evaluated symboli-

cally for any manipulator, a dynamic equation is yielded and
can be written in the form

T=M@®)+ V(©,0)0 + G®) (17)

where M (9) is the n x n mass matrix of the robot, V (6, 6) is
an n x n matrix of centrifugal and Coriolis terms, and G(6)
is an n x 1 vector of gravity terms, 7 is the n x 1 vector of
actuator torques.

With Egs. (14), (15), (16) and (17), the dynamic model of
the SCARA robot can be expressed through Egs. (18) to (36)

My My M3 Vit Vi Vi3
M= | My My My |V=|Vy Vi Vi
Mz Mz  Mss Vai Vi Va3

(18)

My = (It + L + ) + mL{ + mo(L3 + R — 2LoR Ck)
+m3(L3 + R3 + R} — 2L3R,Cy
+2L3R|Crw — 2RoRCE) (19)
My = (L + 1)+ mz(Lz2 — LR Cg)
+m3(L3 + R5—2L3RyCyw + L3R Cew —RaR C)C

(20)
M3 =I5 + m3(L + LsRoCyw + L3R1 Cew) (1)
My = (I + I3) + my(L3 + LoR Cp)
+ —m3(L3 + R3 4 2L3R,Cy
+ L3R Cgw + R2R 1 CE) (22)
My = (I + 1) + maL3 + m3(L3 + R + 2L3R2Cyy)  (23)
Moy = I3 + m3(L3 + L3R Cw) 24
M31 = I3 + m3L3 + m3L3R>Cy + m3LsR Cw (25)
Mz, = I + m3L3 + m3L3R,Cy (26)
Ms3 = I3 + m3L 27)
Vi1t = QL3R 1m3Sgw + 2LpR1mySg + 2R1R2m355)é5
— QL3R \m3Sgw + 2L3Rom3Sw 0w (28)

Vi2 = (=L3sRym3Sgw — LoyRimySg — RiRam3SEg)0E  (29)
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Vi3 = (=2L3Rym3Sgw — 2L3Ram3Sw)0k

+ (—LaRim3Sgw — LsRym3Sw)bw (30)
Vai = (LsRim3Sgw + LoRimySg + RiRym3Sg)fs  (31)
Voo = =2L3Rym3SwOw (32)
Va3 = —2L3Rym3Sw6s — LiRam3 Sy Oy (33)
Va1 = (LsRim3Sew + LsRam3Sw )0s (34)
Vi, = 2L3R2m3SWéS + L3R2m35wéE 35)
Vi3 =0 (36)

As well, the Lagrangian equation is used to obtain the
dynamic model of the SCARA robot.
Lagrangian Equation:
d oT oT  du
— + = =71 (37)
9gi  94i
where, T is kinetic energy, u is potential energy, g, is angle (or
displacement), and 7; is moment (or force) of its DOE [29].

Kinetic energy of planar motion of a rigid object is shown
below

K = lmv2 + llwz (38)
2 2
So, for this 3-arm SCARA
T = lmlvl%rlllw%+lmzvf+112w§+lm3v32+1
2 2 2 2 2 2
l(mlL2+11)9'2+112(9‘s +9'E)2+113(és +6g + Ow)?
2 ! ) 2

2

1 2 l 2
=+ —szz + —M3V3 (39)
2 2
where
V2 = L262CE + L2252 (40)
2 42452 25 4 242
V2 = LZQS + 2L2059E + LZGE
+2CgLoR 62 4 2CELyR 656k + R362 @1

Vi = (R16sSs + L36sSsew + L30pSsew + L3Ow Ssew
+ Ro0pSse)* + (Ro6sCse + Rabg Csg + Labs Csew

+ L30g Csgw + L3bw Csgw) (42)
So, g and 75 can be obtained similarly.
d ( aT ) aT
T = —(—)— ——
VT aby” T 90w

= (I3 + m3L3 + m3L3R2Cyy + m3LaR; Cw)fs
+ (3 + m3L32 + m3L3R2CW)éE + (I3 + m3L32)§W
+ (m3L3R, Sgw + m3LaRySw )62
+ M3L3stwé§~ + 2m3L3R2SWéSéE 43)
where tg, T, Ty are the actuator torques of Shoulder, Elbow,

Wrist, respectively. By comparing the equations and results
from above two methods, we have the equations below

ns = TsNg = TRy = Ty 44)

Above equations show the two methods validate each
other and verify the correctness of this dynamic equation
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of SCARA robot. Since the decoupling control algorithm
focuses on three rotational joints (only the X-Y plane motion)
of the SCARA robot, the vector of gravity terms becomes
zero as below

GO)=0 (45)

Ill. SERVO AND DECOUPLING CONTROLLERS

The PID controller is a simple feedback structure for present-
past-future, which does not depend on the precise mathemat-
ical models of the dynamical systems to be controlled [30].
So, PD controller is one of the most widely used controllers
in the field of industrial robots. Due to mechanical system
disturbance and model uncertainty, if Only the PD controller
is used, the performance of the robot cannot be met. There-
fore, the robust control theory is used to design of the SCARA
robot controllers. Since three rotational joints of the direct
drive SCARA robot on the X-Y plane are strongly coupled
and Feedback linearization scheme can realize decoupling
linearization of the mechanical dynamic system, it is a good
way to use the PD control together with robust control and the
feedback decoupling linearization scheme. The decoupling
principle of this control algorithm is analyzed in Section A.

A. FEEDBACK DECOUPLING LINEARIZATION

The basic idea behind the feedback linearization is to design
a nonlinear controller that linearizes the nonlinear system by
an appropriate state space coordinate change. A second-stage
control law can then be designed in the current coordinates
to fulfill the main requirements of control, such as decou-
pling, against disturbances, and model uncertainties [31].
Combined with the previously discussed Eq. (17), the control
law u is written as

u=06=M@®)  (t — V@, 60)0 —G©)) (46)

The joint angle error, velocity error, and acceleration error
are definedase = 6;—6,e = 6; —6, é = 6; —6 respectively.
The control law u becomes

u=0g42re+ 1% (47)

where A > 0 leads to an exponentially stable closed-loop
system. The closed-loop error dynamics can be derived from
Eq. (46) and (47) as [32]

e+20e+22e=0 (48)

The SCARA robot closed-loop control model is shown
below

M@u+V(©,0)0+GO) =t (49)

This closed-loop control algorithm (Eq. (49)) is called the
computed torque method. PD control is introduced in the
closed-loop control model (Eq. (49)), the control law u is
defined as

u="0;s+ Kpe + Kgé (50)
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Robust Process
Controller

FIGURE 5. Robust control structure diagram.

where, Kp = diag[Kp1, Kp2, Kp3] and K; = diag[Ky1,
K2, K43] are matrices of position and velocity gains, respec-
tively (see Fig. 5.). The PD feedback controller can be
obtained by substituting Eq. (50) into Eq. (49) and then

M©) G4 + Kpe + Kqe) + V(0,0)0 + GO) =7 (51)

The block diagram (Fig. 4.) shows two feedback loops:
internal loop based on robot dynamics model and outer loop
based on tracking error. The internal loop is intended to obtain
a linear and decoupled input-output relationship, while the
outer loop is to stabilize the entire system. Since the outer
loop is a linear stationary system, the controller design can
be simplified. The stability of the control algorithm is very
important for any mechanical system. In [33], A Lyapunov
function is constructed and the above control algorithm is
proved to have global asymptotic stability.

B. ROBUST CONTROL OF THE DECOUPLED SYSTEM

The PD controllers used in above session are simple.
However, many uncertainties still exist because of mis-
matching of the model parameters, frictions and distur-
bances. Robust control is based on a nonlinear model with
uncertainty to analyze the system and design the controller.
Therefore robust control theory is looked as a worst-case
analysis method rather than a typical case method. It is
thus a good choice for the complicated system like SCARA
robot with many uncertainties and high frequency resonances
[34]. The Hy control problem in practice can be trans-
formed into the standard Hs, control problem, as shown
in Fig. 5.

Where, w € R is the input signal, u € R" is the control sig-
nal, y € R™ is the measurement feedback signal, and z € R”
is the control output signal. According to the dimensions of
w, z, u and y, the G(s) can be derived. From Fig. 6, the control
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FIGURE 6. SCARA MIMO Decoupling Control and Servo Control Structure.

system can be written as

z(s) — G(s) w(s) _ Gii(s) Gr2(9) || wis)
¥(s) u(s) Gai(s) Gn(s) | | uls)
u(s) = K(s)y(s)

(52)

where, Gi1(s) € RP*!(s),Gia(s) € RPX"(s), Gai(s) €
R™(s), Gao(s) € R™"(s). From Eq. (52), the transfer func-
tion between w and z becomes

«s) = Fi(G(s), K(s))(s) (53)

47148

Fi(G(s), K(s5)) = Tou(s) = Gr1(s) + G12()K (s)
X [y — G()K ()] Gai(s) (54)
where, T, (s) is the transfer function matrix from w(s) to z(s),
I, is the unit matrix. The feedback controller k(s) makes

the closed-loop control system stable and the sub-optimal
stabilized controller satisfies the below weighting equation:

1Tl <0 <y €R) (55)

In order to achieve an effective H, controller, a coefficient
y is introduced to trade off more on performance. This idea
can be explained more clear that performance is sacrificed
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FIGURE 7. Simulation model of the SCARA with decoupling controller.
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to ensure that there exists a Hy, controller, which is stable,
unsaturated, and robust as requested. And through tuning y,
we may expect to acquire the ideal gain of SCARA robot
Hyo controller at low frequencies. Fig. 6 shows the SCARA
MIMO decoupling control and the servo control structure.

In this system, robust controllers solve interference
problems. The decoupling controller solves the nonlinear
problem.

IV. SIMULINK MODELS OF SCARA

Dynamics of the SCARA robot and decoupling controller are
modeled in MATLAB Simulink environment. The Simulation
model is shown in Fig. 7. Because the high frequent dynamics
cause the motor to make noise, a low pass filter is added.
Because this signal contains the low frequent acceleration
profile, this data is smoothened and then subtracted from
the original data. A movement from folded configuration to
extended configuration can be considered as the most critical
since at the final stage the decoupling effect and inertia plays
a large role.
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[dt, TAU_E*tau_e]

Tau Elbow

Acc Desired_E Acc | Feedlorward =

Displacement Feedback
Motor  Velocity Feedback
Current Feedback

Motor_Elbow

Current Loop_E P

Biter Fonction. Elotw
[T
den(s) [*

Difference_E

Angle_Desired_E PID Controller_E

FIGURE 9. Simulation model of the Elbow.

[dt, TAU_S*tau_s];

,,,,,,,,,,,,,,,, Tau Shoulder

Displacement Feedback
Motor Velocity Feedback
Acc. Deslredjcc Feedforwardy Current Feedback
Speed Loop_S & Current Loop_S PWM_S
Filter Function s~ Motor_Shoulder
Ve\oclty Deslredﬁ B Feedforward_S ';‘::(. < i
Filter Function_S Difference_S

Angle Desired_S PID Controller_S

FIGURE 10. Simulation model of the Wrist.

The Simulation model of the Shoulder, Elbow and Wrist
is shown in Fig. 8, 9, and 10, respectively. The Simulation
models of Shoulder, Elbow and Wrist have different inde-
pendent dynamic variables. The simulation packages allow
independent simulation variables. The control coefficients are
illustrated in Table 2.

The decoupling and non-decoupling link angle errors of the
Shoulder, Elbow and Wrist are given in Fig. 11, 12 and 13,
respectively. The maximum angle errors by decoupling con-
trol are about 0.1 rad for the Shoulder, 0.001 rad for the Elbow
and 0.007 rad for the Wrist.
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TABLE 2. The Simulation model parameters and their values.

Parameter Meaning Value
PID P S Proportion of PID in Shoulder 100
PID P E Proportion of PID in Elbow 100
PID_ P W Proportion of PID in Wrist 100
PID I S Integral of PID in Shoulder 10
PID I E Integral of PID in Elbow 10
PID_ I W Integral of PID in Wrist 10
PID D_S Derivative of PID in Shoulder 10
PID D E Derivative of PID in Elbow 10
PID D W Derivative of PID in Wrist 10
SLPS Proportion of Speed Loop in Shoulder 80
S LPE Proportion of Speed Loop in Elbow 80
SLPW Proportion of Speed Loop in Wrist 80
SLIS Integral of Speed Loop in Shoulder 10
SLIE Integral of Speed Loop in Elbow 10
SLIW Integral of Speed Loop in Wrist 10
CLPS Proportion of Speed Loop in Shoulder 10
CLPE Proportion of Speed Loop in Elbow 10
CLPW Proportion of Speed Loop in Wrist 10
CLIS Integral of Speed Loop in Shoulder 500 FIGURE 13. Decoupling and non-decoupling angle error of the Wrist.
CLIE Integral of Speed Loop in Elbow 500
CLIW Integral of Speed Loop in Wrist 500

FIGURE 14. The direct-drive SCARA wafer handling robot.

FIGURE 11. Decoupling and non-decoupling angle error of the Shoulder.

FIGURE 15. Decoupling control performance of the Shoulder axis.
FIGURE 12. Decoupling and non-decoupling angle error of the Elbow.

motor with 4 x 106 counts per rotation and the sampling

V. EXPERIMENTAL RESULTS frequency is set to 4 kHz. Fig. 15 shows SCARA robot perfor-
Parameters of the SCARA robot (Fig. 14) are listed in Table 3. mance comparisons with decoupling and with no decoupling
Three optical encoders are attached to each Direct-drive control when shoulder move from O to 180 degree, as well
47150
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TABLE 3. SCARA robot parameters and their values.

Axis R; L I; m;
Shoulder(Axis1) 0.25m 0.073m 0.065Kg-m’ 6.32Kg
Elbow(Axis2) 0.25m 0.090m 0.056Kg-m’ 5.51Kg
Wrist(Axis3) 0.25m 0.110m 0.011Kg-m’ 1.37Kg

FIGURE 16. Decoupling control performance of the Elbow axis.

FIGURE 17. Decoupling control performance of the Wrist axis.

as wrist and elbow axes. Fig. 15 shows that the decoupling
control algorithm improves a lot the position tracking accu-
racy of the manipulator by improving the dynamic motion
performance and reducing the static tracking error.

As can be seen from Fig. 15, 16, and 17 the decoupling
control algorithm and the no decoupling controller in about
two seconds can make the SCARA robot system to reach a
steady state, and the response speed roughly equal. Further
analysis, by using the decoupling control algorithm, the three-
axis overshoot of the SCARA robot is significantly reduced.
Especially the elbow axis, compared with no decoupling
controller, the use of decoupling control algorithm can reduce
the position error by as much as 20 times. The shoulder axis

VOLUME 7, 2019

and wrist axis position error is also roughly reduced by 4 to
8 times.

VI. CONCLUSION

In order to meet the high speed and high precision require-
ments in the process of wafer handling, this paper proposes a
4-DOF direct-drive SCARA robot. Based on coupling struc-
ture of the SCARA robot, the PD control coupled together
with robust control and the feedback decoupling lineariza-
tion control algorithm are presented and the corresponding
controller and servo structure are designed. Through above
control algorithm, the SEW (Shoulder, Elbow, Wrist axes)
decoupling servo control is achieved. The experimental data
shows, by comparing to non-decoupling control, decou-
pling control algorithm makes SCARA robot performance
improved a lot. The position errors during dynamic tracking
movement and the static errors are reduced by 4 to 20 times.
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