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ABSTRACT

In this thesis, Internal Model Control (IMC) technique is applied to design a PID controller for a two-link
SCARA robot, of which the model contains an integral term. In IMC controller design, a filter structure must -
be selected suitably because it directly affects the performance of the system. In order to derive the PID
controller, the IMC controller using a proposed low-pass filter is approximated by Maclaurin series expansion.
The investigations of the proposed IMC low-pass filter parameters are also presented by variation. The

effectiveness of the IMC-based PID controller is verified by both simulations and experiments.
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Chapter 1

Introduction

1.1 Background and Significance of the Problem

A robot manipulator composes of number of links attached serially to each other with joints, where each
joint can be moved by some types of actuators. The end effector of the robot manipulator can be moved to
any desired location within its workspace by moving its joint. As the robot is capable of performing many

different tasks, is able to control to any desired position within its workspace precisely and is able to operate

with routine tasks without boredom and tiredness, it is widely used as one of powerful elements in industrial

automation, which is save more time, more reliable and lower manufacturing products cost [1]. In some

industrial scenes with dangerous work places where human are not able to work, such as in some chemical

reaction processes and in high-temperatlire plants, the robot is appropriate to replace human in order to raise
safet}lstandard. Among several types of the robot, a SCARA robot (Selective Compliance Assembly Robot

Arm) is very common utilized in assembly operation. The SCARA robot is a horizontal multi-joint robot and

will be considered as a process for designing appropriate controllers.

In order to control the motion of the robot moving to the desired position accurately and effectively,

the controllers must be suitably designed. There are several control techniques such as Fuzzy Logic [2]
and Neural Network techniques [3] have been presented to design the controllers for the SCARA robot.
By using these methods, the angular position can track the set point satisfactorily; however, the
controller design procedures and implementation are quite complicated. Among various controllers, the
PID controller is the most popular controller that has been adopted in industrial scenes due to its
.simplicity and practical applicability. However, the parameters of PID controllers must be suitably
tuned. Ziegler-Nichols [4] tuning method and Cohen-Coon tuning method [5] have been proposed
tuning rules for the PID controller. The reference [4] and [5] also have been adopted as reported in [6]
and [7], respectively. However, in actual implementation, PID controller gains are mostly determined by
trial-and-error process by a skilled expert. For example, the PID controller with the trial-and-error gains
is applied to control the SCARA robot [8]. In controlling SCARA robot, a controller designed by IMC
method has been also reported in [9]. In this method, the performance of the system depend's. ;)n the

structure and the parameters of IMC low-pass filter. The advantage of IMC control technique is that the



desired output can be obtained by introducing the IMC low-pass filter which is equivalent to the
specified reference trajectory [10]. In IMC controller design, the transfer function of IMC controller is
rational form.

From the advantage of IMC control technique, it has been applied to design the popular PID
controller [11]. To do so, the designed IMC controller with its transfer function in rational form is
approximated by Maclaurin series expansion. By ignoring the higher order terms of the approximated
IMC controller, the remaining terms are matched to the PID controller structure so that the PID
controller can be obtained. In thi:s method, several low-pass filters have been proposed for difference
model structures [10, 12]. However, these structures do not match to the model of the SCARA robot.
Therefore these IMC low-pass filter structures are not suitable for this model.

In this thesis, a suitable IMC low-pass filter structure is proposed for the model of the SCARA robot
in order to deal with this problem. The effectiveness of the IMC-based PID controller design using the

proposed low-pass filter is verified by simulations and implementations.

1.2 Research Objective

The accuracy of the two-link SCARA robot angular position control, the effect of input and output
disturbances rejection, simplicity of controller design and pepularity of PID controller have motivated to
do the research under the topic as “IMC-based PID Controller Design for a Two-link SCARA Robot”.
The research objectives are as follows:

1. To derive the mathematical model of the two-link SCARA robot and to linearize the model to
simplify the controller design of the system.

2. To study IMC control concept, to transform IMC control to general feedback control and to
approximate the general feedback control to PID control by Maclaurin series expansion.

3. To consider the IMC low-pass filter for the model of two-link SCARA robot in order to

eliminate the effect of input and output disturbances.

4. To implement the proposed controller.



1.3 Thesis Outline
This thesis is composed of five chapters which are briefly summarized as follows.

Chapter 1 introduces general background and utilities of the robot in factory automation. The
controller design algorithms for the SCARA robot manipulator are given as example and explain their
performance briefly; then, a proposed IMC-based PID technique is mentioned as well.

Chapter 2 describes the literature reviews the mathematical modeling of the two-link SCARA robot.
The mathematical model of the system can be derived by Lagrangian equation. A completed dynamic
equation of the system in nonlinear form is linearized then a linear equation is obtained. The basic
theory of IMC and its transformation to general .feedback control are explained in detail. The
approximation of general feedback controller into PID controller is also demonstrated in this chapter.

Chapter 3 presents the application of the proposed method for the process used in the laboratory. In
this chapter, the linear equation for the two-link SCARA robot derived in Chapter 2 is used in controller
design. In IMC-based PID controller design method, the filter directly affects the performance of the
system. Consequently, a suitable low-pass filter of IMC controller design method is selected for the
model of the SCARA robot. The general feedback controller is approximated by performing Maclaurin
series expansion. By ignoring higher order terms of the series, the remains of first three terms are
matched to the structure of PID controller.

Chapter 4 describes the actual equipment briefly. The effectiveness of the proposed IMC low-pass
filter for designing IMC-based PID controller is evaluated by simulations. The simulation results are

also compared to the experimental results graphically. The characteristic of simulation results are

identical to the characteristic of experiment results.

Chapter 5 concludes the research results of the thesis.



Chapter 2

Mathematical Model of the Two-link SCARA Robot

This chapter presents mathematical modeling of the two-link SCARA robot. The mathematical
tools, Lagrangian equation and linearization are useful for analyzing process dynamic. Generally,
Newtonian mechanics can be used to find the dynamic equation for robots. However, the actual process
used in the laboratory is multiple-degree-of-freedom mechanisms. It is difficult to use Newtonian
mechanics. Therefore, Lagrangian mechanics is an option to use instead. Then the dynamic equations of
the system are linearized. A controller is designed from the linearized model in order to obtain the

automatic control system.

2.1 The Structure of the Two-link SCARA Robot

The two-link SCARA robot shown in figure 2.1 has two revolute joints that are parallel. The robot
moves in horizontal plane. SCARA robot is very common in assembly operation. Its specific

characteristic is that it is more compliant in the x-y plane.

Figure 2.1 SCARA robot used in the laboratory.

SCARA robot used for experiment in the laboratory consists of two links. The first link is attached
to the base and the second link is attached to the end of the first link. The end of the second link is called

“end-effector” and it is the position for tool setting. Two links of the robot are directly driven by AC



servo motors without gear boxes (see in the appendix A). Therefore, the robot can be also called as

Direct Drive Robot (DDR).

2.2 Mathematical Model for the Two-link SCARA Robot
The schematic diagram of the two-link robot manipulator considered in this thesis is shown in figure
2.2, where 6, and @,are angular positions of each link, m; and m, are masses of each link, / and /,

are lengths of each link and o, and 4, are distances between the gravity center positions and

rotational positions of the first link and the second link respectively.
From figure 2.2, the position equations of the two-link SCARA robot can be described as (2.1) and

(2.2),

Ry

Figure 2.2 SCARA robot scheme (top plane).

X = GGy N =ai$ .1

x, =he +a,c,, Y, =hs +a,s, 2.2)



where ¢; =cos6) , s, =sinf , ¢, =cos(f, +6,) and s, =sin(6, +6,) when x,,y,,%, and y,
are the coordinates of the gravity center position of both links. The velocity of each link can be obtained
by differentiating its position. Therefore, the velocity equation for each link is given as (2.3) and (2.4).

Vi =i +3 =a0 (2.3)

v =55 + 35 =16} + a7 (6, +6,)° +2,a,6,0,(6, +6,). (2.4)

The dynamic energy for the multiple-degree-of-freedom robots is complicated. However, it can be
categorized in to two main classes, kinetic energy and potential energy. The kinetic energy of the two-

link SCARA robot for_the first link and the second link can be expressed as (2.5) and (2.6), respectively

v2 a0
K, =—m‘2‘ =——m‘2‘ ) 2.5)

my, [112‘9.12 +a (‘912 + 2‘919.2 + 922 )+ 211‘12‘3291 (él + 92 ):I
2 2 : 2.6)

K, =

The potential energy of the robot is the sum of the potential energy of the two links. Since the two-link

robot manipulator is designed to move in horizontal plane, the potential energy of each link is

considered to be zero.

2.2.1 Lagrangian Equation

—Lagrangian mechanics is based on the differentiation of the energy terms with respect to the
system’s variables and time. For simple cases, it may take longer to use this technique than Newtonian
mechanics. However, as the complexity of the SCARA robot system, the Lagrangian method becomes
simpler method to solve with this system. This method comprise of linear motion equations and

rotational motion equations which can be expressed as



d oL 0oL
IT=—(=)——, 2.7
dt (69) 00 @7

where T is the summation of torques in a rotational motion and & is angular position. Torque T and

angular position are expressed as

T=[, g (2.8)

and

T
6=[6 6] (2.9)
Respectively, where T} and T, are torque of each link and 6, and 6, are angular position of each link.

The Lagrangian operator L in (2.7) is given as

L=K-P, (2.10)

where L is the Lagrangian operator, K is summation of kinetic energies of the system and P is

summation of the potential energies of the system. The kinetic energies summation of the first link and

the second is given by ——
K=K, +K,. ; @.11)

As the potential energies are considered to be zero, the Lagrangian operator becomes the total sum

of kinetic energy which can be written as

1 .1 . . c . ..
L=K= _2.m,a39,2 4, (126} + 26} +266,+6))+ 2ha,c,6,(6,+6,) ]| 2.12)

The torque equation of each link can be considered separately and can be expressed as follow



d oL 0oL

P et (2.13)
ot 89 60

4oL oL "
dt 06, 06,

By substituting Lagragian operator from (2.12) into (2.13) and (2.14), two equations of torque can

be obtained as

T, = (maj + ml} +myl,a,¢,)6, + (m,a} + myha,c, )8, — m,l,a,s,(26,6, +62), (2.15)

T, = (ma} + my,a,c,)6, + mad, + myla,s,6}. 2.16)

By assigningJ, = ma} +m,l}, J, = m,a; andr = myla,, the simple form of torque equation

becomes

T, = (J, +J, +1¢,)0, + (J, +rc,)6, - rs,(26,6, +62) (2.17)

T, =(J, +rc2)t9 +J9 +rs29 ; (2.18)

where 9 and, 9 are angular velocities of the first and second links whlle 9 and 9 are angular
accelerations of the first and second links. From (2.17) and (2. 18) the standard form of dynamic equation
for the SCARA robot can be written as

T=M@+V(©,0), — (2.19)

where 6 € R?is joint variable vector, M(6)is the inertia matrix and V(6,0) s the Coriolis/centripetal
torque vector. The parameters in M (@) and V(8,6) are



Ji+J,+2rc, J,+2rc,
M@©@)= (2.20)
J, +2rc, J,
' YR
V(6,6) =[2rs29‘62 b ] (221)
rs,6,

2.2.2 Actugtor Dynamic

As each link of the SCARA robot is moved by an-actuator, the dynamic actuators are added to the
dynamic equation of the SCARA robot in order to derive the completed dynamic equation. By assuming
that the actuators are ideal servos motor, there is no loss in power transmission circuit and the frictions

of the rotors are neglected. Then the dynamic actuator equation is given as,
J,6,+B,0,+T=K,E,, (2.22)

where 6M=vec[0m HMZ], éM =Vec|:ém ém] and éM =vec[t‘9'M1 éuz] are the angular
positions, the angular velocities and the angular accelerations, respectively. The variable 6, , 9M and
éM of the first and second links are expressed by the suffix MlandM2. E, € R’is the current
command voltage vector. The constant actuator coefficient matrices for moments of inertia, rotors

damping constant and torques constant of the first and second meters-are respectively written by
Jy =diag[JMl Jm] ,
B, = diag[BMl BMZ] ,

K, =a'iag[KM1 Km].
The gear coupling from the first motor to first link is assigned as R, and the gear coupling from the

second motor to the second link is assigned as R, . Then the relation between 6, and®,,,,6, and 0,5

can be written as
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0] = RIHMI (2233)

and

6, =R,6,, - (2.23b)

The gear ratio matrix is given by

R, =diag[R R,]. . (2.24)

As the manipulator used for experiment in the laboratory is the DDR, the gear ratio of each joint is

considered to be one. Consequently, equation (2.23) can be written as

01

I
S%

(2.25a)

and

Brs Onloc (2.25b)

2.2.3 Completed Dynamic Equation

To obtain the completed dynamic equation, the dynamic equation of manipulator and actuator

dynamic equation are combined. Then the completed dynamic equation can be obtained as

(Ju + M0 +(B,0+V(0,0) =K, E, , (2.26)

and its standard form can be written as

M(©)6+7V(6,6)=K, E,, (2.27)
where
()= J+Jy+Jy +2rc, J,+re,
J, +re, Jy+Jy,



11

2rs,0,0, —rs,07 + B,,.6,
rs,8% + B,,,6, '

V(6,6) {
By solving (2.27), @ can be derived as

6=-M" BV (6,0)+ M (0)K,,E,, (2.28)

or

s = (""Szél2 = BMZéZ +K,pE )+ (J, + JMZ)[AZ - KMlEal]

6 = , (2.29)

A
s —A [Az + KMlEal]_ (S + T+ dy + 2’02)("szélz + Buzéz +K,,E,)
é, = ,(2.30)
A

where

A=JdJy+Jy + Iy + Ty + 20,500, —17C
A =(J,+rc,)
A, = r(Zé,éz +é22)32 ~ BMlél -

The state-space equation for the completed dynamic equation can be derived by defining angular

position as the state variable which is given as
o . 7T
x=[6 6 6 6] . 2.31)

Then the nonlinear angular position/velocity state-space equation can be derived as
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x= f(x,u), (2.32)
y=h(x), (2.33)

where

6 0
= _ .. y E
S (xu) {—M"'(O)V(G,G)]+[M"(B)] KuE,
h(x)=[I 0O]x.
2.2.4 Linearization

As the SCARA robot system is nonlinear system, in order to design the controller easily, it must be

linearized. The linear equation of motion at the equilibrium %, =0 and X, = [O 090 O]T are given

as
i x=Ax+ Bu, (2.34)
y=Cx, (2.35)
where
4 )

Ax lx:xo M=y 2

B0

u Ix:xo =y 2

Ox

x=xy °
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By differentiating (2.34) and (2.35) the state matrices can be derived as following

0 0 1 0 0 0
0 0 1 0 0 1 0 0 0
A= ,B= and C = (2.36)
0 0 a; a, by, b, 01 00
0 0 a; a, by b,

where the element in the matrices are

. = iz +4,)By,

33 T s
Sz =Sy =SS ur =iy = o yy =200 1

] —(r+J,)B,,,

34 T ’
_JMIJMZ_JMIJZ_JIJMZ—JIJZ—JZJMZ_2rJM2+r2

\ & —(r+J,)B,,

3= )
_JMIJMZ_JMlJZ_JlJMZ_JlJZ—JZJM2_2rJM2+r2

s (Vs +45)By,

44 3
‘JmJMz"JMlJz"JlJMz"J|J2“J2JM2_eruz"'rz

b.. = "(JM2+J2)KM|

! _JMlJuz_Jsz"'JIJMz"Jljz—JzJM2"2rJM2+r2,

b = —(r+J,)K,,,

32 =

_JmJMz"JMlJz_JlJMz—Jl‘jz_Jz']Mz—2"JM2+"2 ’

—(r+J))K,, i
~Judu2 —Ind2 = STy =, — Sy =21y, +r

41
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(JM,+J1+J2+2r)KM2
~Judsr = Idr =Sy = I, —Jy =21, +r?

42

Transfer matrix of robot manipulator in § domain is obtained as

Y(s) -1 G, (s) G, (5)
G(s)= =C(s[-A)"'B =[ 2.37)
U(s) Gy (s) Gu(s)
(s —ay )by +ayub, (s—ay )by, +ab,,
Gls)= s[s® - (a3 +ay,)s +aya, —a,a,]  sls = (@33 +ay)s +ay,a, —a,a,,]
(s — a4 )by +ab,, (s—ay)b, +a,b,

2
S[s* —(ay; +ay,)s +aya, - A3y . S[s” —(ay +ay)s + a0, -a,a,]

To control the angular position of each link, the system is requires to design the controller which is

proceeded in chapter 3.

2.2.5 Parameter Identification

As the current command voltage of first link is mainly affected to first link and the command
voltage of the second link is mainly affected to the second link, therefore, the coupling of each link is

ignored. Then, the complete dynamics equation of first link and the second link can be rewritten as
(o +J, +J, +2r¢,)8,+ B, 6, = K, F,, (2.38)
(Jia +J,)6, + B,,6, =K, ,E,, .

To derived the linear transfer functions between the current command voltages and output angular

position for the first link and the second link, take Laplace (2.38) with zero initial conditions, then

(Jyn +J) +J, +2r¢,)s*G,(s)+ B, ;56,(s) =K 1B (8) (2.39)
(Jpiz +95)5%6,(5) + B, ,56,(s) = K, , E,, (5).
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By arranging (2.39), the transfer functions can be obtained by

6,(s) KMI ! By (2.40)
E (s) s(H|s+ 1) ’

6,(s) _ K2/ By
E,(s) s(H,s+1)

where H, =J,, +J, +J, +2rc, and H,=J,,+J,.

v,
The first link is study by applying a step reference input (current command voltage) E, (s)=-%
s

to the first link without any feedback control. The output of first link can be expressed as

i\ X

O(s)=— M1 .
\(5) s(Mis+B,,) s @41)

where V. is the magnitude of the step input of the current command voltage and M, =T,,,.B,,. By

expanding (2.41) into partial factions, the expanded equation can be expressed as

2
o(s)=Rule| L 71, L (2.42)
By | s s T.s+1

Taking the inverse Laplace transform of (2.42), the time domain equation of first link can be given by

Hl(t)—KMlV [t T.+T.e '/TC:I fort=>0 . 43)

M

From the (2.43), the response of step input of command voltage is shown in figure 2.3. Since ¢

approaches to infinity so that the equation for steady-state response ., can be written by
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6,(0="0e 7, (2.44)

M1

120 i ¥ L) 1 L 1 ] 1

100: -

T

80 -

6,

60 -

Angle (deg)

20F n

1
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

)
\

Figure 2.3 Response of step input of current command voltage (open-loop control).

From (2.44), the constant parameters can be identified as follows
- First of all, the time constant 7. can be found by extrapolating the straight line 0, back to

6, =0 and intersects the time axis at £ =T..
- Generally, the slider mass M, is defined by a designer as motor mounting procedure [13].
Therefore, B,,, can be found from (2.44).

K, E
- (M) and K,/ can be found from the slope of the steady-state response as well. Since
M1
the dynamic of first link is similarly to the second link, K, can be found by conducting in the
same manner as stated above.

The step input of current command voltage experiment result gives the torque constants K, and

K, which are used to derive the linear models of the two-link SCARA robot.
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Chapter 3

IMC-Based PID Controller

The transfer matrix of the system obtained in previous chapter is required controllers in order to
control moving to any desired position. In this chapter, the literature of PID controller is presented in
detail in section 3.1 followed by IMC concept. After that the transformation of the IMC control to IMC-
based PID controller is proposed in section 3.2 and section 3.3, respectively. In IMC controller design,
IMC low-pass filter is directly affect the responses of the system. Thus it must be selected suifably. The

filters that have been proposed for difference models is included in this chapter as well.

3.1 PID Controller

The PID controller is broadly used in industrial process. In this section, the PID controller consist of
proportional (P), integral (I) and derivative (D) action are studied individually in continuous-time
system. Since the actual controller is digital computer, the continuous-time system controller must be

converted to discrete-time system which is stated along with continuous-time system.

+
R(s) e(t) oK) | U (1) G(s) YLS)
E(s) Upid (s)

Figure 3.1 General feedback control structure.

3.1.1 Proportional Controller

— For the continuous-time system, the proportional controller is described by the relation

u,(t) = K e(t) (3.1a)

and therefore,

76468

17
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U,(s
p( ) =K, (3.1b)
E(s)
For the discrete-time systems, the equivalent controller is described by the relation
u p(k) =K pe(k) (3.2a)
and therefore,
U (z
(2 _ K, (3.2b)
E(z)
3.1.2 Integral Controller
For the continuous-time systems, the integral controller is described by the relation
’l
() =K, | eyt , (3.32)
LA}
and therefore,
Ui(s) K
———==— 3.3b
E(s) s (3.36)
For the discrete-time systems, the equivalent controller is described by the relation
KT
u,(k)=u,(k —1)+f(e(k -1 +e(k)) , (3.4a)
and therefore, o
U(z) KT (z+1
1( ) — i~s ) s (3' 4b)
E(z), 2 \z-1

where T, is the sampling time.
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3.1.3 Derivative Controller

For continuous-time systems, the derivative controller is described by the differential equation

de(t)
=K , 3.5
ud() d dt (3.5a)
and therefore,
U, (s) _ Ks (3.5b)
E(s)

In the case of discrete-time systems, the differential equation (3.5a) can be approximated by difference

equation
K,
ud(k) =—T——(e(k)—e(k—1)) ) (3.63.)
when
U K -1
Ya2) _ _d_(z_) . (3.6b)
E(z)y T\ z
3.1.4 PID Controller
Combining previous three actions P, I and D, it can be expressed in continuous-time as
!
di
U, (t)=K RIOK K,Ie(t)dt +K, e) (3.73)
0
when o
U, (5) K
pid i
————=K +—+K_s . 3.7b
E(s) R T G.70)

In the case of discrete-time systems, the PID controller can be described in difference equation
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Upid (k)=u p (k) +uj(k)+ug (k) (3.8a)
where
u,(k)=K e(k)
u(k)=u,(k-1) +—1%7—1‘-(e(k— )+ e(k))
u, (k)= %(e(k) —e(k —l))
when
Upia(2) _ K, + KT, (_ZLI )J&.(Ei) , (3.8b)
E(2) WEa<r) LT\ \rm

Block diagrams for the case of continuous-time systems and discrete-time systems are depicted in

figure 3.2 and figure 3.3.

u, ()
— K,
| e(t) K, “{0) + Upia (1)
— — >
E(s) . . Upu(®)
K,s u, (1)

Figure 3.2 Block diagram of the continuous-time PID controller.
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u,(t)

e(k) Upia (k)

+ Upid (Z)

E(z)

Figure 3.3 Block diagram of the discrete-time PID coritrolier.

3.2 Internal Model Control Principle

In process control applications, model based control systems are often used to track set point and
reject disturbances. The Internal Model Control (IMC) philosophy relies on the internal model principle
which states that a control system can be designed if the system encapsulates and the model is exactly
represented the process. Then a perfect control is easily achieved. In particular, if the control scheme is

developed based on exact model of the process, then perfect control is theoretically possible.

3.2.1 Open-loop Control

R(s) U(s) Y(s)

— el > G(s) >

Figure 3.4 Open-loop control strategy.

o~

From open-loop control in figure 3.3, C(s) is a controller, G(s)is a process, Y (s) is an output of

the system and Y (s) is a reference input. The output can be written as
Y(s) =C(s)G(s)R(s) . (3.9)

Suppose é(s) is a model of the process G(s). If C(s) is chosen as the inverse of the model and
the controller is stable and if é(s) perfectly represents the process G(ss) so that CA?(S)"1 and G(s) can

be canceled each other. Consequently, the output Y(s) is obviously equal to the reference input R(s).
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The unknown disturbances are often entered to the system which is shown in figure 3.5.

Di(s) D,(s)

- Uis)« YU + ¥
—{C(s) (s) d(sL G(s) Y(ﬁ

Figure 3.5 Open-loop control strategy with disturbances.

The output of the system can be rewritten as
Y(s)=R(s)+G(s)D,(s)+ D,(s) . (3.10)

Even though the process model is matched, the disturbances are remaining in output of the system so the

open-loop control is not achievable in implementation.

3.2.2 Structure of IMC

Practically, process model mismatch is common; the process model may not be invertible  and
system is often affected by unknown disturbances. Therefore, the above open-loop control arrangement
is not be able to maintain output at set point. Nevertheless, it forms the basis for the development of a
contrdl strategy that has the potential to achieve perfect control. This strategy, known as IMC has the
general structure depicted in figure 3.5 where G (s)a controlled object is, é(s) is the model of the

controlled object and C(s) is the IMC controller, R(s) is a reference input, E(s) is an error, U (s) is

a command signal, D,(s)is an input disturbance, D,(s)is an output disturbance and ¥ (s)is an

output.

Dy(s) D,(s)

R(s) « ~ SONNPINEOLS " U(s) )

Y

&(s)

D(s)

Figure 3.6 IMC structure.
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In case perfect encapsulated model with no input and output disturbance, we call perfect
encapsulated model if the process model equals to actual process G(s) =é(s) and without input

disturbance and output disturbance, mean that D,(s) = 0and D, (s)=0. Thus, the output Y (s) of

IMC structure from figure 3.4 can be obtained as

Y(s) = C(s)G(s)R(s) (3.11)

It can be noticed that the output in (3.11) is the same as open-loop control design mentioned in the
previous section. From (3.11), if controller C(s) and plant G(s) are stable so that the closed-loop
system is also stable.

From the figure 3.5 D,(s)and D,(s) are input disturbance entering to the system. The controller

output U(s) is introduced to both G(s) and é(s) . The output Y (s) is compared with the output of the
model and result a signal D'(s) . That is,

D'(5)=[G(s) = G()U(s)+G()D,(s) + D, (s) (3.12)

If D,(s)and D,(s)are absolutely equal to zero, for example, we can also say that D'(s)is
measure of the difference in behavior between the process and its model and then D'(s) is equal to the
unknown disturbance.

Thus, D'(s)may be regarded as the information that is missing in the model, é(s) and can
therefore be used to improve control. This is done by sending an error E(s) signal to the controller

C(s) . The closed-loop transfer function for the IMC structure becomes

C()G()R(s)+G(s) [l -C (s)G(s)] D,(s)+ [1 -C (s)G(s)] D,(s)

Y(s)= a2l et
) 1+[G(s)—G(s)_ C(s)

.(3.13)

From (3.13), we can sce that if the controller is chosen as inverse of the model C(s) = CA;(S)'1 and
if the model is exactly represented the process, then perfect set point tracking and the effect of
disturbance rejections is completely achieved.

As mention above, the process and the process model is mismatched. To improve the robustness of

the system, process mismatch should be minimized. As discrepancies between process and model
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behavior usually occur at the high frequency and the controller might be improper. To deal with these
problems, the low-pass filter is usually series connected to the IMC controller in order to attenuate the
effects of process model mismatch and to make the controller proper. Thus, the internal model controller

is usually designed as the inverse of the process model in series with a low-pass filter or

C(s)=G(s)" £(5). (3.14)

The order of the filter is usually chosen such that C(s) is proper, to prevent excessive differential

control action. The closed-loop transfer function then becomes

_y ()" f()G()R(s) +[1-G(s)™ £(5)G(5)| D)
/ 14]G(5)-6(9) [6() 7(9) |

(3.15)

In IMC controller design, to detune an uncertainties model, the IMC tuning (filter) factor is used. It
should be noted that the standard IMC controller design procedure is focused on set point responses.
However, the set point responses do not guarantee good disturbance rejection effect; especially for the
disturbance occurred at the input of the process. The modification of the design procedure is developed
in order to improve the rejection efficiency of input disturbance.

The IMC controller design procedures are:

3.2.3 Factorization
In this step, a transfer function of the process G(s) is factorized into invertible and non-invertible
portions. The factor containing right half plane (RHP) or positive zeros or all time delays become the

poles in the inverts of the process model when designing the controller. The transfer function is

mathematically given as

G(s)= Q(s)é_ (s), (3.16)

Such that G, (s) is non-invertible portion which is the transfer function contain all time delay and

right-half-plane zero. Consequently, G_(s) is the transfer function that is stable and does not involve

predictors.



3.2.4 Low-pass Filter

To make the controller C(s) proper, a filter is needed to series to the IMC controller of the
system. If the order of the denominator is greater than the order of the numerator, the transfer function
is proper. Then the controller can be physically implemented.

In order to improve the robustness of the system, the effect of the model mismatch should be
minimized. Usually, different between the actual process and the model occur at high frequency
response, a low-pass filter is added to attenuate the effects of the process model mismatch.

Consequently, the IMC is usually designed as the inverse of the process model in series with the low

pass filter which is mathematically given as

C(s)=G.(s)" f(s).

Several IMC low-pass filter for differences process also have been presented [11] which is summarized

in table 3.1.

Table 3.1 General IMC low-pass filters

G"_
G(s) £65) Aol CXJ)
S (5)=G,(s)
k | las+l
as+1 As+1 k As
k 1 (as+1)(bs +1)
(as+1)(bs+1) As+1 ks
k 1 a’s* +2%as +1
a’s* +2Las+1 As+1 kAs
& —-bs+1 1 as+1
as+1 As+1 k(b+A)s
1 as+1
(bs +1)(As+1) ks(bAs+b+A)
1 a*s* +2¢as+1
—bs+1 As+1 k(b+)s
a’s’ +2¢as+1 1 a’s® +2¢as +1
(bs +D(As +1) k(bAs+2b+A)s




Table 3.1 General IMC low-pass filters (Cont.)

! *
k As+1 kA
s 24+l 24s +1
(As+1) ki’s
1 as+1
k As+1 kA
s(as+1) 24s5+1 (as+1D)(Q2As+1)
(As+1)? kA’s
1 1
As+1 k(b+2)
1 1
/ —bs+1 (bs +1)(As+1) k(bAs+2b+ A)
s [(b +24)s + l] (b+24)s+1
(As+1) ks(b+ A4)?
[2(b +A)s+ 1] 2(b+A)s+1
(bs+1)(As+1)* | ks(bA%s+A* +4bA+2b%)
1 as+1
As+1 k(A+D)
1 as+1
N S (bs +1)(As +1) k(bAs+2b+ 1)
s(as+1) | [2(b+24)s+1] (as+)[(d+24)s +1]
(As+1) ks(b+ 1)
[2(6+ 2)s+1] (as+1)[2(b+A)s +1]
(bs+D(As+1)* | ks(bA*s+A* +44b+2b%)
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As the general feedback control is able to transform into IMC control [9]; the transform relation

between these two of controllers are discussed.
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D,(s) D (s)

R(S) ;O E(Sl K(s) U(S) + Ud(S) > G(s) "' Y(S»)

D'(s)

Figure 3.7 General feedback control.

,_________C_(f)____ﬂD,-(S) D,(s)

RE) ;OE(S)E /> U(s)i % A0 iy s
g G(s) ; 1 G(s) &-’85
TEAnld

Figure 3.8 Equivalent Internal Model Control.

If controller C(s) can be substituted by the part circled by the broken line in figure 3.8, the IMC
structure is equivalent to control system structure as sh9wn in figure 3.7. From the relation from input
R(s) to output Y'(s) of figure 3.8, we can found that two models é(s) can be offset. So the system
shown in figure 3.8is equivalent to general feedback contr;)1 system as shown in figure 3.7. From figure

3.8, IMC controller C(s) can be obtained as

K(s)
C = , 318
() 1+G(s)K(s) G.18)
and the controller K(s) can be found from (3.18) as
K(s)=——<) (3.19)

1-G(s)C(s)
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From (3.17) and (3.18), the controller K(s) for a general feedback control system can be obtained

as

G(s)

K = T A .
TRy

(3.20)

3.3 IMC-based PID Controller Approximation

With a suitable choice of filter f(s), the controller K(s)can possess the integral action and appear

in the following form
1 n(s)

K(S)-—k( = Sd(s)

(3.21)

Where k(s) is non-integral part of controller K (s), n(s)is a numerator and d(s) is a dominator of
transfer function k(s) .
In order to obtain PID controller, the transfer function k(s)is approximated by Maclaurin series

expansion on § domain, and then it can be expressed as

K(s)——[k(0)+k(0) +k(20)s } (3.22)

1
By ignoring higher order terms and multiplying the integral term — through the equation, the first three
s

terms are matched to the PID controller

K(s)= K,,,D(s) K +— K, +K,s, (3.23)
where
- K, =k0),
K, =k(0)
and
. k- i©
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k(0)=

k(0) =

k(0) =
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(0)
d(0)

1'(0)d(0) — n(0)d (0)

d*(0)

n"(0)d*(0) - n(0)d "(0)d*(0) — 2n'(0)d '(0)d*(0) + 2n(0)[d (O)] d(0)

d*(0)



Chapter 4

IMC-Based PID Controller Design for the Two-link SCARA

Robot

In this chapter, the proposed control system is stated in the section 4.1. The input and output
disturbance rejection is then analyzed. After that the general IMC low-pass filter and the proposed IMC

low-pass filter are applied to design the controllers in order to approve input and output disturbance

effect rejection.

4.1 Proposed Control System

The two-link SCARA robot is Multiple-Inputs-Multiple-Outputs (MIMO) system which the input
is a current command voltage of each link. However, since the input current command voltage E, ()
of the first link mainly affects the first link and the input current command voltage E_,(s) of the
second link mainly affects the second link. Thus, two IMC-Based PID controllers are independently

designed by considering the SCARA robot as two separated Single-Input-Single-Output (SISO) system.
This is depicted in figure 4.1.

R, (s) - E(s) K. (5) Ul(s)zEal(sl Y;(S)zgl(f)
pidl\V7 ~ o

+

SCARA

Ry()+ __ Ey(s) Uy($)=E,(s)| Y,(s) =6y(s)
Kple(s) > - >

—

-

Figure 4.1 Proposed control system.

The PID controller of each link is derived by IMC-based PID design method which is presented in

section 4.2.

30
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4.2 Application of IMC-based PID Controller Design for the Two-link SCARA Robot

Two independent PID controllers in figure 4.1 are designed for simulations and experiments. To
obtained PID controller for each link of the SCARA robot, IMC method mentioned in chapter 2 is
applied.

Y(s) _ 6(s) (s)= Y(s) _ 6(s)
U(S) al(s) Gz U(S) E,(s)

chapter 2 are in the same formats. Therefore, the controller design for both links can be conducted in

The transfer function G, (s)= obtained in

the same manner. The transfer function of both links are in the form as

as+b

G(S) = m . (4.1)

In implementation, the process G(s)and the model mismatch is common. Consequently, the
output of the system is not exactly equal to the reference input. To attenuate the effect of the process
mismatch, the low-pass filter is usually multiplied to the IMC controller. Several low-pass filters have
been proposed for difference models as summarized in table 3.1. Some low-pass filters in this table can
be used for the proposed model. In theoretically, the responses can track the step reference input and the
output disturbances effects can be eliminated completely. However, the input disturbances effect is not
able eliminated which will be explained and compared by simulations in next chapter. To deal with this
problem, the low-pass filter for the two-link SCARA robot is selected suitably. Consider the general
feedback control for figure 3.6, the relation between the output of the system Y(s) and the input

disturbance D, (s) can be found as

Y(s) _ 1
D,(s) 1+K(5)G(s)

.2)

The input disturbance effect rejection of the system is achieved when the relation between output of the
system Y(s) and input disturbance D,(s) equals to zero. It can be noticed that the process G () of the

two-link SCARA robot is in integral form as
l o
G(s)=—g(s), @.3)
s

when g(s) is non-integral term of the-process. And then (4.2) can be re-written as
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Y(s) s
D,(s) s+K(s)g(s)

(4.4)

From (4.4), the relation of system output and input disturbance is equal to zero when s approaches to
zero. Therefore, the output disturbance can be eliminated completely.

Consider the relation between output of the system Y'(s) and input disturbance D,(s)

rs) _ G 4.5)
D(s) 1+K(s5)G(s)

Substituting (4.3) to (4.5), the following equation is obtained as
Ye) | g6s) “s)

D(s) s+K(s)g(s)

The relation of system output and input disturbance from (4.6) is not equal to zero when s approaches to

zero. Notice that to achieve this requirement, the controller K (s) must be in integral form as well,
1
K(s)=—k(s), 4.7)
s

when k(s) is non-integral term of the controller. Then (4.5) can be obtained as

Y(s) | sg(s)
D(s) s+k(s)g(s)’

4.8)

Obviously, the input disturbance is eliminated when s approaches to zero.

4.2.1 IMC-based PID Controller Design by Applying a General IMC Low-pass Filter

The general IMC low-pass filter for integral model in table 3.1 is applied to design the controller of
the two-link SCARA robot which is given as

1
f()= m ) 4.9)
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From the IMC-based PID controller design steps introduced in Chapter 2, the transfer function of

the system shown in (4.1) can be divided into two parts
G,(s)=1, (4.10)
and

G (s)= 2as+b .
s(s"+a's+b")

4.11)

By substituting (4.9), (4.10) and (4.11) to the general feedback controller K(s) shown in (3.29), then it

can be obtained as

sS+a's+b'
aA’s* +(bA* +ad)s +2bA

K(s)= (4.12)

The controller K'(s) can be directly approximated as PD controller by Maclaurin series expansion due

to missing of integral term. Then the controller K(s) can be expanded as

K(s) = K(0)+ K'(0)s +K"(2°)S | (4.13)

Keeping first two terms and neglecting higher order terms, the remaining terms are matched to the

PD controller. Thus, the PD controller parameters can be derived as

K, = K(0) (4.14)

K, =K'(0) @.15)
where

K(0) 0 (4.16)

2b4
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2a'b-b'(a+bAa)

K'(0) =
© 4b* 2

4.17)

Theoretically, analysis above, the general feedback controller K(ss) from (4.12) can track the step
reference input and can reject the effect of output disturbance. However, it cannot reject the effect of
input disturbance. The-responses of the controllers are evaluated in chapter 5 by simulations and

experiments.

4.2.2 IMC-based PID Controller Design by Applying the Proposed IMC Low-pass Filter

To eliminate the effect of input disturbance and output disturbance, the controller K(s) must be in
integral form. According to the literature mentioned in the chapter 2, the low-pass filter is an achievable
factor for this requirement. Several low-pass filters for difference processes have been proposed in [11,
12] which are re-presented in previous chapter. However, those filters are not responding the

requirement of this process. Therefore, the suitable low-pass filter f(s) for the SCARA robot model is

selected in the form as

zs+1
3 2 1
xs” +ys*+zs+1

f(= (4.18)

By substituting equation (4.10), (4.11) and (4.18) to equation (3.20) and then K(s)can be

expressed as

zs’ +(a'z+1)s* +(b'z+a")s+b'

K(s)= (4.19)
(s) s[axs2 +(ay +bx)s + by]
To approximate K(s) as PID parameters, we assign non-integral term of K(s) as
3 ' 2 ' '
k(s)zn(s)_zs +(a'z+1)s*+(b'z+a")s+b @.20)

dis)  [axs? +(ay+bx)s+by |

Then k(s) is performed by Maclaurin series expansion and its approximated equation is given as
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K(s)=~ [k(0)+k(0) +k(g)s } (4.21)

By ignoring higher order terms and multiplying the integral term through (4.21), it can be noticed that

the first three terms are matched to the PID controlier parameters as

Kp,.d(s)zKp+£’-+de, (4.22)
)
where
K, =k(0), (4.23)
K, =k(0) and
k,-kO
2
when
n(O) b'
= 4.24
k(0)= 40) by (4.24)

i ©0)= n'(0)d(0) —-n(0)d '(0) O (a'+b'z)by-b'(ay +bx)
B d*(0) — (byy*

i0) - " OLO) -0 O)d’ ©)~2n O O )+ 21O)[d O d(0)
a*(0)

(1+a'z)(by)’ ~[ab'x - (a+b' y)(ay+bx)]by + b'(ay + bx)
(byy’

NI»—*

The characteristic of the parameters x , y,and z is studied in the next chapter.



Chapter 5

Simulations and Experiments

This chapter describes the effectiveness of IMC-based PID controller which is designed in chapter
4. The effectiveness of general IMC low-pass filter for the model of the SCARA robotis first presented.
The input-output disturbances effect rejection is verified by simulation as well. Then, the proposed IMC
low-pass filter is presented. In this case, the input and output disturbances effect rejection are evaluated
by simulations and experiments. As IMC-based PID controller design is conducted in the same manner,
thus, the simulations and experiments are studied mainly for the first link. Finally, the responses of both

links are demonstrated. The experimental system of the two-link SCARA robot is depicted in figure 5.1.

Controller Driver DDR SCARA robot

Control Signal

Figure 5.1 Experimental system.

The parameters of two-links SCARA robot in the laboratory are given by table 5.1. The actuators of
the first link and the second link are direct driven by AC servo motor. Maximum torques of 70Nm for
first link and of 15Nm for the second link are produced at 8V by 2 channel of 24bits DAC interface
card. High speed optical encoders of first link and the second link are 614,400 pulse/rev and 507,904

pulse/rev, respectively.
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Table 5.1 Parameters of the two-link SCARA robot

5.1 Open-loop Responses

Parameters | Values Unit

m, 437 | kg

m, 1.24 kg

l, 200 | mm

I, 200 mm

q 63 mm
a, 80 mm

i 0.085 | kg-m

iz 0.060 | kg-m

Kin 2.7590 | N-m/V

K 1.3281 | N-m/V

B, 0.8691 | N-ml(radls)
By, 0.4347 | N-m/(rad/s)
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In this section, the command voltage £, and E,, at 4 volts are applied to the first link and the

second link of the SCARA robot, respectively. The responses of them are shown in figure 5.2. It can be

seen that the links move continuously.

Angle (deg)

Time (sec)

Figure 5.2 Open-loop responses.
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In order to control the angular position of the two-link the SCARA robot to the desired position
accurately, the designed IMC-based PID controller described in Chapter 4 is applied to control the robot
system. The controller parameters are tuned to achieve the desired performances. In next section, the

performances of controlled system are shown by simulations and experiments.

5.2 Investigation on Utilizing the General IMC Low-pass Filter
In this section, the parameter of a general IMC low-pass filters shown in (4.9) will be studied in

order to find its effect on the SCARA robot control system. The alternative form is shown in (5.1).

1

/(9= (A%s” + 225 +1) g
45 L el S -
rgﬂ /.7/ /
= 30 1l —=+2=0.05 |-
Eo f 111~ =013
< 15 L =ER=025
/ —— A=045

Time (sec)

(a) Step responses for first link

o0
3 NN S—
2 —— 2=0.05
- 2=0.15
co R = : -
< —— =025 |
—3=045
2 3 4 5 6 7 8 9 10

Time (sec)
(b) Effects of the second link due to the first link

Figure 5.3 Step responses of the system applying the general IMC low-pass filter.
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The step responses of the first link and input disturbance output disturbances rejections for this filter are
presented by simulations as below.

For the study of applying the general IMC low-pass filter in (5.1), the step reference input at 45
degree is applied to the first link while the second link is regulated at zero. The responses of both links
are given in figure 5.3. It can be seen that the responses of the first link reach to the set point rapidly
without overshoot and steady-state error for the parameter A < 0.05. The speed of response is decreased
when the parameter A is increased. Meanwhile, the second link is also affected from the first link which

is deviated according to the speed of the responses of the first link. The parameter of the second link is

fixed at4 =0.15.

Angle (deg)
)

Time (sec)

(a) Responses of the first link

0.5 L 1Y 15 T 19 L T 19 18
I R\ / Bl E
=
v
) A=0.
é -1k — A=0.25 |
A=0.45
_1.5 r r o r | & r r r
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

(b) Responses of the second link

Figure 5.4 Responses due to output disturbance when applying the general IMC low-pass filter.
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In order to study the effect of the output disturbance, the reference inputs at zero degree are applied
to both links for 4 seconds. Then, an output disturbance of 0.1 radians is entered to the first link. It can
be seen form figure 5.4 (a) that the angular positions of the first link are dropped about 5.7 degrees and
returned to the set point which is the same characteristic as the step response. This means that the effect

of output disturbance can be rejected. The effect of output disturbance in the second link is also rejected

as shown in figure 5.4 (b).
O T T T 13 T
'5 [~ = S
i
=]
e -10F | 77 %=0.05 —
g 4 —2=0.15
15~ A=0.25 -
" A=0.45
_20 ‘e r r r r r 8 r
0 1 2 3 4 5 6 7 8 9 10
Time (Sec)
(a) Input disturbance rejection for first link
1 F L |3 T L BWANA b LR B\ S BB}
A=0.05
o0 “— 2=0.15
& 05 | ]
) ~ —=A=0.25
* N —— 3=0.45
g 0 S NNEH) L
r 4 £ r r

'0'5012345678910

Time (sec)

(b) Effects of the second link due to the first link
Figure 5.5 Responses due to input disturbance when applying the general IMC low-pass filter.

Next, the effect of input disturbance is studied. The reference inputs at zero degree are applied to
both links for 4 seconds and then input disturbance at 0.1 radians is entered to the first link. The effects
of input disturbances are shown in figure 5.5. It is seen from figure 5.5 (a) that angular positions of the

first link are dropped and not able returned to the set point. This means that the effect of input
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disturbance cannot be rejected. It is also seen from figure 5.5 (a) that when the parameter A is increased
the dropping angular of the first link is increased, and the deviation of the second link is also
increasingly affected as shown in figure 5.5 (b).

From the study of general IMC low-pass filter shown above, it can be summarized that the link can
be controlled accurately without overshoot and steady-state error and the effect of output disturbance

can also be rejected when applying this filter. However, it cannot be able to eliminate the effect of input

disturbance.

5.3 Proposed IMC Low-pass Filter

In this section, the characteristic of each parameter of the proposed IMC low-pass filter from

(4.18) is studied in cases.

5.3.1 Characteristic of the Parameter y and z

The characteristics of parameter y and z while setting x =0 are studied. Therefore, the proposed
IMC low-pass filters is in the same form as the general IMC low-pass filter stated in previous section

and the parameter y and z are indecently adjustable which is rewritten as

ANE BN G.1)

ys: +zs+ 1

The characteristic of each parameter is studied case by case.

Case 1: The effect of Parameter y '

In this case, the step response characteristic is first studied by setting step reference input at 45
degree for the first link and zero degree for the second link. The parameter z is fixed at 250 while the
parameter y is adjusted from 1 to 200. The responses are shown in figure 5.6. From this figure, it can be
seen that the step response speed of the first link still increase when the parameter y is decreased less
than 1. In the contrast, when the parameter y is increased the response is slow down with increased

undershoot.

In the same time, the second link is affected as well. For the fast response of the first link, the

second link is deviated
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(b)  Effect of the second link due to the first link

Figure 5.6 Step response of the parameter y for Case 1.

For the output disturbance rejection, the reference input and output disturbance are applied the same
as output disturbance rejection in section 5.2 and its responses are shown in figure 5.7. It can be seen
that the first link is dropped about 5.7 degree in every value of the parameter y and returned to the set
point without overshoot and steady state error. Accordingly, for the fast response of the step response,
the output disturbance response is also fast response and it is slightly slower when the parameter y is
increased.

Meanwhile, the second link is deviated the same characteristic as the effect of the second link due to

the first link in figure 5.6.
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(b) Effect of the second link due to the first link

Figure 5.7 Output disturbance effect rejection of the parameter y for Case 1.

To study the effect of the parameter y, the reference input and input disturbance is entered to the
first link the same as section 5.2. And its response is depicted in figure 5.8. It gives the result that when
input disturbance at 0.1 radians is reduced the command voltage of the link; it is dropped accordingly

with increasing of the parameter y without return to the set point.
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Figure 5.8 Input disturbance effect rejection of the parameter y for Case 1.

Case 2: The effect of parameter z

From the study of the parameter y above, suppose that y = 1 is satisfying response for case above. In
this case, the characteristic of the parameter z is studied in Case 2.

Similarly, the step reference at 45 degree and zero degree are respectively applied to the first link
and the second link while the parameter z is varied from z = 0 to z = 250. The responses of both links
are given in figure 5.9. It shows that the response of the first link is slightly attained to the set point
without overshoot and steady state error and finally it is saturated when the parameter z is increased
higher than 50. On the contrast, if the parameter z is decreased the step response is slower with increased
overshoot. Meanwhile, the second link is also affected. As the saturation of the first link at z > 50 the
deviation of the second link is fixed as well. But decreasing of the parameter z causes the response speed

of the first link decrease which is caused deviation of the second link decrease
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(b) Simulation results of input disturbances rejection

Figure 5.9 Step response of parameter z for Case 1.

The reference input and output disturbance the same as section 5.2 are assigned to both links. F igure
5.10 illustrates the responses of output disturbance rejection. It can be seen that the first link dropped
about 5.7 degrees and forced back to the set point which is the same characteristic as step response in
figure 5.9. Meantime, the second link is affected which is deviated maximally about 0.13 degree and

eventually return to the set point.
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(b) Effect of the second link due to the first link

Figure 5.10 Output disturbance effect rejection of the parameter z for Case 2.

To study the input disturbance rejection characteristic of the parameter z, the reference input at zero
degree is set for both links and then the input disturbance ay 0.1 radians is entered to the input of the
first link to reduce the command voltage. The responses of the system are expressed in figure 5.11. It
can be noticed that the first link is increasingly dropped when the parameter z is increased from z=5 and
it tries to return to the set point but takes several second to attain to the set point. While the second link

is also deviated maximally about 0.02 degrees and eventually returned to the set point.
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Figure 5.11 Input disturbance effect rejection of the parameter z for Case 2.

From study the characteristic both parameter y and z above, it can be summarized that the proposed
filter without the parameter x which is more freedom for tuning the controller of the system, it is able to
achieve the set point and is able to eliminate the input disturbance but last for several seconds to attain to

the set point. Thus parameter x is needed to deal with this problem.

5.3.2 Characteristic of the Parameter x, y and z
In this section, the characteristic of the proposed filter x, y and z are studied by simulation. For
experiments are mentioned after summarizing the suitable response’s parameters. The step response, the
effect of another link and elimination of input-output disturbance effects rejection are also demonstrated

case by case.
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Case 1 Effects of the Parameter x

Before defining the parameter of the filter, each parameter is trial in order to see the response of the
parameter x. The acceptable response of the parameter is fixed while other parameters are adjusted to
find optimal response. In this case, the parameter y=0.00057 and z=0.6 are fixed while the parameter x
is adjust from 0.00015 to 0.00075. For this study, the step reference input at 45 degree is applied to the
first link while the second link is regulated at zero degree. The responses of both links are depicted in
figure 5.12. It can be seen that the first link move to the set point with acceptable overshoot and return to
the set point within 2 seconds for the parameter x= 0.00015. When this parameter is increased the
response is faster with the same overshoot. However, the increasing of the step response is more affected
to the second link which the deviation of the second link is increased but it return to the set point within

about 1.5 seconds.
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Figure 5.12 Step response of the parameter x for the proposed filter.
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From varying the parameter x above, the output disturbance rejection of this parameter is also
studied by regulating the reference input of both links at zero degree for 4 seconds and then the output
disturbance at 0.1 radians is entered to the first link which is caused the first link drop about 5.7 degrees
and return to the set point the same characteristic as step response in figure 5.12 both the first link and

the second link.
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(b) Effect of the second link due to the first link
Figure 5.13 Output disturbance effect rejection of the parameter x for Case 1.
To demonstrate the input disturbance rejection, the reference input of both links and input

disturbance the same as previous case are assigned to both links. The responses show similarly as the

case of output disturbance rejection, figure 5.14.
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Figure 5.14 Input disturbance effect rejection of the parameter x for Case 1.

Case 2 Effects of the Parameter y

50

From study the characteristic of the parameter x in Case 1, it is supposed that the parameter

x=0.00055 and z=0.6 are acceptable result. Therefore, in this case the characteristic of y is studied. To

see the characteristic response of the parameter y, the reference input at 45 degrees and zero degree are

applied to the first link and the second link, respectively. The responses are shown in figure 5.15. From

this figure it can be explained that when the parameter y is decreased from 0.0057 the response of the

first link is slower and the overshoot is increased as well. On the contrast, when the parameter y is

increased the response is faster. If this parameter continues to increase the overshoot is increasingly

appeared until unstable while the second link is also accordingly oscillated.
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Figure 5.15 Step response of the parameter y for the proposed filter.

To demonstrate the characteristic of the parameter y for the output disturbance rejection, the
reference input for both links and output disturbance the same as previous case are assigned to the
system. The responses are depicted in figure 5.16. The responses illustrate that the first link drops about
5.7 degree and is forced back to the set point and the second link is also oscillate the same characteristic

as figure 5.15.
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Figure 5.16 Characteristic of the parameter y for the proposed filter.

Similarly, the reference input at zero degree is set for both links for 4 seconds and then the input

disturbance at 0.1 radian is entered to the first link. The responses from the figure 5.17 can be explained

that the first link drops about 0.1 degree at the parameter z=0.0025. The dropping of this link is

increased at 0.2, 0.35 and 0.9 degrees when this parameter is increased at 0.0057, 0.0171 and 0.0513,

respectively and return to the set point at nearly the same time about at 3 seconds without overshoot and

steady state error. Meantime, the oscillation of the second link is increased as well when the parameter z

is increased.
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Figure 5.17 Effects of parameter y for Case 2.

Case 3 Effects of the Parameter z

By studying the characteristic of the parameter x and y above, suppose that the parameter
x=0.00055 and y=0.0057 are satisfy performance. In this case the characteristic of the parameter z is
studied. To see the see its characteristic the reference input at 45 and zero degree are assigned to the first
link and the second link, respectively. The parameter z is study from 0.4 to 1.0. The responses are
depicted in figure 5.18. From this figure it can be noticed that decreasing this parameter the response of
the first link is faster but the overshoot is increased as well. On the contrast, when the parameter z is

creased the overshoot is decreased but the response is slower.
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Figure 5.18 Step response of the parameter z for the proposed filter.

To study the characteristic of the output disturbance rejection, the reference input and input
disturbance are similarly assigned to the system which its responses are shown in figure 5.19. From this
figure it can be noticed that the first link drops and is forced back to the set point the same characteristic

of step responses in figure 5.18.
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Figure 5.19 Effects of parameter z for Case 2.
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The reference input at zero degree is regulated to both links for 4 seconds and input disturbance at

0.1 radians is entered to the first link to reduce the reference input. By entering this disturbance, the first

link is increasingly dropped when the parameter z is increased from 0.4 to 1.0 and return to the set point
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(b) Simulation results of input disturbances rejection

Figure 5.20 Effects of parameter z for Case 2.

From study three parameters characteristic above, the satisfied performance response of the

proposed IMC low-pass filter are observed and its parameters are summarized in table 5.2. As the

transfer function of the first link and the second link are in the same form. Thus, parameters of the

second link are tuned base on the parameter of the first link which use the parameters of the first link

first then try to tune the parameter x and y to obtain the compatible response to the first link.
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Table 5.2 Parameter X, y and z for both links

X y z K, K, K,
1

6x10° | 42.5106 | 55.265 | 4.5949

-4

K, |55x10° | 57x10

K, | 3x10° | 12x10° [ 6x10" | 19.9497 | 27.2788 | 2.0038

The parameters in table 5.3 are also applied to experiments and then experimental results are
compared to simulation results.

Firstly, the step responses are compared. To do this, the step reference input at 45 degrees is applied
to simulations and experiments. The responses are shown in figure 5.21 and figure 5.22. It can be seen

that the response of the experimental result is tracked closely with simulation result.
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Figure 5.21 Step response for simulation and experimental results comparison of 1" link.
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(b) Step response of the second link

Figure 5.22 Step response for simulation and experimental results comparison of 2" link.

Secondly, the experimental result of output disturbance rejection is explained. As the output
disturbance rejection cannot imitate the simulation. Therefore, the output disturbance is entered by
pulling to the second link for a while and releases it. It can be seen that the link is oscillated and forced
back to the set point. Meantime, the first link is also deviated in the same direction and return to the set

point in the same time with the second link.
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Figure 5.23 Experimental results of the first link and the second link comparison.

Lastly, the input disturbance rejection is also compared with simulation. In this case, the reference
. input at 45 degrees and zero degreé' for the second link and the first link are applied, respectively. It can
be seen that the second link drops about 4.5 degree both simulation and experimental result and are

return to the set point closely within about 3 seconds but without overshoot and steady state error.
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Figure 5.24 Experimental results of the first link and the second link comparison.
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

The IMC controller design and IMC-based PID controller transformation have been leamed with
several IMC low-pass filters for difference models. In this thesis, IMC-based PID controller design with
a suitable IMC low-pass filter for the model of two-link SCARA robot has proposed in order to achieve
fast response without steady-state error and able to deal with input disturbances and output disturbances
rejection. The effectiveness of the IMC-Based PID controller design using the proposed low pass filter
is verified by simulations and experiments. From the verification, it can be seen that the proposed
control system has a good performance. The angular positions of the links can track the reference inputs
with fast responses, with acceptable overshoot but without steady-state error. In addition, the effects of
input and output disturbances can be rejected. Consequently, it can be conclude that the controller
design technique with the proposed IMC low-pass filter for robot manipulator used in the laboratory is

successful in tracking the set point and dealing with input and output disturbances rejection.

6.2 Future Works

In actual implementation, angular controls of two-link SCARA robot are effect into each other. To
reduce with this problem, the coupling control is interesting work. By using IMC-based PID controller
design method for this robot ménipulator, the system gives a good pel:formance. Therefore, the

proposed control method is interesting for trajectory.
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Appendix A

Specification of SCARA Robot

A.1 Dimension of the Two-link SCARA Robot

The dimension of the used robot for experiment in the laboratory is depicted in figure A.1
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Figure A.1 Dimension of the two-link SCARA robot



A.2 Actuators
The actuator driven first link and second link of the SCARA robot are AC servo motors of

YOKOKAWA Precision Corporation.
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Figure A.2 Functional description
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Their structures are identical as shown in figure A.2. The model for first link and second link are DR-

1070E and DR-1015B. Their specification are shown in table A.1 and table A.2, respectively.

Serles DR-E Sorios
Model OR1250E00 ] OR1220€00 | DR1160€00 | OR1130€003 | DR1100EC) | DR1070ECD [ DR10G0ETD
Max, lorque (Nm) | 250 220 160 1%0 100 0 0
Max. spced | 100 10 115V AC Modcl 0.7 0.7 1.0 1.2 1.5 20 20
el 1) 200 t0 230V AC Model 12 12 12 12 24 24 24
A e output |- 100 10 115V AC Model] 265 224 170 132 212 224 98
: g W) 20010230V AC Model | 425 31 333 265 3s 00 | 12s
f, Rated torque (N'm) 83 73 53 a3 1 23 | 10
o | Raied speed [100 10 115V AC Madet 03 0.5 03 05 10 s | s
15|t 20010230V AC Model] 038 08 10 10 1.5 20 20
Z | Encoder resolution (pfrev) 614,400
Posidonlag accuracy (arc-scc) 45
| | Repeatabitity (arc-scc) 15
'[:Max. power consumption  (xVA) 32 30 2.8 1.5 2.3 201 1.8
‘Rotoc Inegtia (kg-m?) .| 185%10° | 170x10°2 | 140x10-2 | 925x10° | 100x107 | 8Sx10* ].72x10"
| [Anirkiaon | Coipeesiton 40x10°
B KT e Teaslon - 2.0x10° .
HEE I L )
g g ‘| Axfitstiffocss | Compression 2,0x10 A
-4 F 2 N}, [yension 3.0x10°%. T
1= ig.:‘?'-; Rudlaisilifpess  (tad/N'm) 40x10° e
1 [¥eeigne ‘ (xg) 48. 4“4 36 Bk 26 2 . 1
. | Dimehslogs . (mm) Rotecdiacxd. * | 420505514205x327. | 4205271 | §205:243 | 4205210 | 9205183 [:4205x156°
Commoniem Motor insolation: class F / Insulhtion tesistance: 10ML2 Min (300V DC)Y Withstaading
) voltage: 1S00V:AC, 1 min./ Colorz Blsck Excltation: 3 Phase
'Model -|- 10010 115V AC SR1ZS06037- | SR1220E02- [SR1160E02-{SRY 13002 | SR1100ER- smozom smoaoajz
: L {15 s JUORY 110 e 100 o 08, s
i} 320016 230V-AC RIS SRI2206032-{SRIEOETR2 S5 ‘ ‘
Inpiit: | Speed: Anilog ¥olage: 26V DE R
{ e Analog yoluage: $10V.DC e
. Serial pulse 1.6MHz Max.
% ; +6V(CW) to -6V(CCW)
1% Quipw: smmpm , H:CW L:CCW o
§ Slgral .| Enconde Track A/B(400kHz Max)  Zero positon’ signal(l SOgifev)...
-[-Algrth Gutpin Over turrent, Over voltage, Heal sk temperatuié du.-Vol(azedomenmdu
4.1 o sbrormal, CPU aboormal.
i Quiput .- 2.5Hz Step response output ((est niode)-
] ) 10010 1 15V-ACH® {00 10 230V Acii“somom T
{70010 113V.ACMogel | 1290, || 1120 900 [ 750 [ ros0” Jun } o
| adver (VAY. | 720016 230VAC Model | 1800 -] 1600° 1500 ] 120 | .as00i 1400900
Welghy () ’ o

Table A.1 Specification of DYNASERYV E Series.
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Serles DR-A Sedes ! OR-B Series
Mode! ORT400ATD | DR1300A00 | DR1Z00ATH | DR1ISOATD oanonulummugomm]nmuw:n 0R1000&0 [OA101§ 00 | DR 100680
Mux 1oeque (Nmi] 400 300 200 150 100 30 (] i 43 30 15 3
Mat. | 160 0 115V AT Modcl 0.4 0.5 03 1.0 1.2 14 e 18 4
2] [T0w030VACHed] o8 0 1 12 12 " Y
‘g Raad | 10010 115V ACModel| 212 160 u: 160 12 160 1235 9 s 1 318
W7 120010330V ACModd| 428 s 418 3 m 160 125 140 128 & 335
g Raed ocque N-m) 133 100 67 [ 33 17 0 18 10 $ 3
« [Raied {10010 115V AC Model 0.25 0.28 05 05 1.0 13 1.0 10 18 2 10
§{iy [70103%V ACMead| 03 03 19 10 10 i3 10 1S T IED 10
T [Eacoder resclvion (phrev) $19.200 507.908
{ Pxivoning sccurscy  (arc-sec) £33 248
Repesuabitity (arc-sec) 5 2
Max. pu«mmplm(k\m) 32 3.2 30 30 25 23 33 1 is 1.4 10
-] Rotor 1nerus- Qcgmb] 400x107 | 320110~ | 285x30 [ 230x107 [ 200x10°) | 180w20Y | 33x10°0 [ 261077 [ 2ax10d | 2mit? | y8x10?
i" Aty | Comprestion 40x10° 3.0x10°
Ja. 12 | Teion . 200’ 1.0w10°
1 i Overung losd. . [Nm)|. " 3 200
g [ Assl- | Codipeessios 20010 25x10° .
i gg m Teasica 302104 3 0wt
JE]= R | Radial stiffos Nwy - : At ) i 20<10% |
w;,mn . (m 68 ETE BT 3% 3 2% 1SS 1 3 3 KB i % &0
o:mm)m&d. 02645358 § 02641308 | 026412807 02651017 | 266888 [0268x158 | 9150GOT | 9150x179 | 0350x151 | 1505123 { 0145385
{Conmoakem Motoe tasulaison: elass F/ Insulano serisrasce 10001 M:2.{S00V DC) T Wenmnndiag vokape: $300V AC, 1 cify. # Coloe: Black ¢
L1100 1t5V AL " FSA1600A0R- SR1I00ATE{ S R1200ATZ-| SR SCATZ- [SAT10CATR - SA10ECATITSRIMOITI S 11 45002 - SRV ST+ SK115C2- 1S R 1 o 002
A= ) e b 3 R = o T T 1 n) e _ig
é 20002V AC., - SI“NQ-IQW: A .
1751 | Speed |- Domessiomodel -} : - Anak 5
R Ll _ Amalogvoluge 10V OC  Aogiog vokige SIONE
) .':!_ PodiGeaing fapaf -~ " i it Sl pybe ) AMHE M: . -~ -Seialpall SO M | i
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Table A.2 Specification of DYNASERV A and B Series.
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IMC-Based PID Controllers Design for a Two-Links
SCARA Robot
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Abstract—The paper presents the design of PID controllers for a
two-link SCARA robot based on internal model control (IMC)
technique. For the model of the two-link SCARA rohot which
includes an integrator, IMC filter must be selected properly so
that the designed IMC countrollers can be approximated as PID
controllers by using Maclaurin approximation. The simulation
results verify the applicability and satisfied performance of the
proposed control system.

Keywords- SCARA; IMC; internal model control; PID

I INTRODUCTION

Nowadays, robots play an active role not only in research
scenes but also in industrial scenes. A SCARA (Selective
Compliance Assembly Robot Arm) robot is a type of them
which is widely used in industries such as soldering robots of
printed circuit boards, product assembly robots and so on. In
order to perform accurately, the robot control system must be
suitably implemented. Various methods for designing a
controller such as fuzzy logic [1], neural network [2] and
internal model control (IMC) [3] have been proposed and
applied to the SCARA robot. However, these methods are quite
complicated and/or difficult in the actual implementation.
Among various control techniques, PID control scheme is the
most employed in the industries due to its simplicity and many
industrial PID controller products are readily available in the
market. The PID controller parameters can be tuned by both
analytical designs and experimental tuning rules. However in
several practical cases, the design of PID controller gains is
determined through trial and error process by a skilled expert.

In this paper, a simple IMC-based PID controller design
method is studied. The design is composed of 2 steps which are
IMC controller design and PID approximation. In the IMC
controller design process, a low pass filter selection is very
important because it affects the performance of the system. For
several common plant models, the low pass filter selections are
proposed in [4] but these filters cannot be used directly with the

978-1-4577-0255-6/11/326.00 ©2011 IEEE
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two-link SCARA robot. Consequently, a suitable low pass
filter for this plant is proposed in this paper. After the IMC
controller is designed, Maclaurin expansion [5] is utilized to
find the corresponding approximated PID controller.

II. MATHEMATICAL MODELLING

The schematic diagram of the two-link robot manipulator
considered in this paper is shown in Fig.l. 6, and 6,are

angular positions, m; and m, are masses, /| and I, are
lengths of each link, a; and a, are distances between the

gravity center positions and rotational positions of both links,
respectively.

y
Wpfrmmmm e e / o~

A%

Figure 1. SCARA robot diagram.

The corresponding Cartesian coordinate at the end of each
link can be computed directly from (1) and (2)

x=aC, y=4qS, )
X, =hG+a,Cy, ¥, =455, )

TENCON 2011



where S, =sinf,
Si, =sin(6, + 6,).

C =cosf, Cy=cos(f+6,) and

To obtain the dynamic model of the SCARA robot, the
Lagrange’s equation is applied to each join angular coordinate
as in (3)

et R

T,
dr 96, ;

A)

where T; is the summation of all torques in a rotational motion
of 6 and L is the Lagrangian. The Lagrangian is defined by

L

K-P, @

when K and P are the kinetic energy and potential energy of
the systems respectively. As the two-link robot manipulator is
designed to move in horizontal plane only, the potential energy
is considéred as zero or P = 0. The Lagrangian of this system
can then be expressed as [6]

L=K=K,+K, =%[le,2 +m2V22], )

where VI2 = J'c,z +j112 = alzg'lz ,and sz =3§ +}"§-

Substituting (5) into (3) yields the flowing two equations of

motion.

Ty = (J, +J, + 20Cy)0, + (J, +2rC,)8, - 15,(26,6, + 62, (6)
T, =(J, +2rC,)8, + J,8, +rS,62 )

where J, =mal +my)l}, J,=mya} and r=myla,. The
equations of motion in (6) and (7) may be written in a matrix-
vector form of the link angles vector 8 ={8, Gz]r as

T =M(8)6+V(6,6) ®)
where M(6) and V(8,6) are )

Ji+J,+2rC, J,+2r
M(0)= lJ 2 2 2 ('1 , (9)

2 +2rC, J,

. |2rs,86,-rs,62
V(0,6) = rS,6,6, 'z" 2% | (10)
rS,6,

1031

For the two-links SCARA robot in this paper, the ideal
servo motors with no gear are employed as its actuators and
their dynamic behavior is governed by

Jy6+B,0+T=K,E, (11)

where E=[E, E,] is the current command voltage vector
while J,, = diag(J,,), B, = diag(B,,) and K, =diag(K,,)
are respectively the moment of inertia matrix, rotor damping

constant matrix and torque constant matrix of the motors.

Combining (8) and (11), the complete dynamic of the two-
links SCARA robot is

(Jy + M(6))6+(B,,0+V(6,0))= K, E . (12)

Defining the state vector x(0)=[4,) 6,() 4¢) 6,0)]
and arranging (12), the nonlinear state equation can be derived.
However, in order to design a controller by the IMC technique,
the linear transfer functions are required. Therefore linearzing
the nonlinear state equation around zeros is performed and the

linear state equation and output equation are respectively
obtained as (13) and (14)

%= Ax+Bu,
y==Cx,

(13)
(14)

where y=6, u=E and

0 I 0

A= 7B= d C=|I 0],
ol oelgfm et

when 1=I:1 0],
01
S _ 1| Una*J2)By  ~(J,+1)B,,

Al ~(Jy,+PBy T+ +2r |’

7 = L Uma t K ~(J2+1)Ky,
Al ~(y+0K, U+ +J,+20K,, |

and A =—J, 1 J s = Jpidy =Sy = Ty =y g =200y + 12

From (13) and (14), the transfer matrix of the two-links
SCARA robot can be directly computed and it appears in the
form of (15)

] » (15)

when a,b,a,,,a,,,ay,,a5,b,; and by, are all positive real
numbers for any realizable system.

_6) 1 ~as

E(s) T P tas’ +bs

G(s)

[ans"'bn

_aZlS azzs + bzz



II1. IMC-BASED PID CONTROLLER DESIGN
The structure of IMC is shown in Fig. 2, in which G is a

controlled object, G is the model of the controlled object, C
is an IMC controller.

D(s)

U(s)

R (s}

+

Y

Y

Figure 2. Structure of IMC system.

In general, the IMC controller can be designed by the
following two steps.

Stepl: Divide the model of the controlled object G(s) into
two parts as G(s) = é+ (s)é_ (s), where é,, (s) contains all the

time delays and right-half-plane zeros. While G_(s) is the

transfer function with minimum phase characteristic and
contains no predictive item.
Step2: To design the internal model controller, a low-pass

filter f(s) must be added to G (s) to ensure the stability and

robustness of the control system.
controller is then chosen as (16)

The internal model

C(s)=G" ()£ (s). (16)

In order to design a PID controller for a general feedback
control system, the structure of IMC system in Fig. 2 is
rearranged as Fig. 3 where

C(s)
K e s 17
) 1-G(s)C(s) —
and, reversely,
- X&) (18)
1+ G(s)K (s)
C.
R(s) + * X UGs), G
6 J - ¢

Figure 3. Equivalent structure of IMC system.

By analyzing the input/ output relation of the equivalent
structure of IMC system in Fig. 3, the two models of the

controlled object é(s) can be offset. The equivalent structure
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of IMC system in Fig. 3 is then equal to a general feedback

control system in Fig. 4.
D(s)
N
4+

Figure 4. General feedback control.

R(s),

Y(s)

U(s)
> —

From (16) and (17), the controller K(s) for a general
feedback control system can be obtained as (19)

G\

K(s)=—?
O 960

19)

With a suitable choice of f(s), the controller K(s) can
possess the integral action and appear in the following form
. 1
K(s) =2 Qs). (20)
By performing the Maclaurin series expansion for Q(s), the
controfler K(s)can be expressed as

K(s)= —[Q(0)+Q(O) + 208 Q(O)S ] . Q1)

Comparing the structure of K(s)in (21) to the general transfer
function of the PID controller in (22)

K.
by

the PID parameters can be obtained by ignoring the higher
order terms in K(s) and setting

- K, =0(0),K, = 0(0) and K, =%°—). (23)

Denote that the filter f(s) must be selected properly so that

QO(s) has no zero at the origin to ensure non-zero integral gain
and acceptable performance.

IV. CONTROLLER DESIGN FOR SCARA ROBOT

For the model of SCARA robot in (15), two PID controllers
will be designed for controlling each link separately Denote

0|(S) ( ) 02(S)
E, ) Cn - Ey(s)

that the transfer functions G, (s)=



are in the same format. Therefore, the controller design for
both links can be conducted in the similar manner. Without

b(s)
i (s
first link will be used in the following design and the model of

loss of generality, the transfer functions G, (5)= of the

the controlled object G(s) in this case becomes

5 - a; s+
G5y =Gy (o) =2t @4)
s”tas® +bs
and it can be decomposed as
é+ (S) =1, (25)
and
- a,s+b
G_(s)=-—"4" "1 (26)
) s +as +bs

In order to get the controller K(s), many patterns of low-pass
filter for integral plant were proposed in [4]. Those patterns,
however, cannot be used as a filter in this paper due to
mentioned patterns were particularly used for first and second
order with integral plant. So that the suitable low-pass filter
Sf(s) for third order with integral plant, in the form of (27), is
selected.
zs+1

S(®)= @n

—— =4 o
xs3+ys2+zs+l

when x, yand z are positive real numbers and are the

adjustable parameters of the IMC controller. Substitute (25),
(26) and (27) to (19), the controller K(s) becomes

zs® +(az +1)s + (bz+a)s+b

K(s) =2 . @)
s[a“xs +(q 1y+b“x)s+b”y]
and Q(s) becomes
3 2
Ols) = zs” +(az+1)s” +(bz+a)s+b 29)

‘/711’“*'2 +(aytbhyx)s+by

Then, the parameters K ,,K;and K, of a PID controller can
be directly computed from (23).

V. SIMULATION RESULTS

In this section, the simulations of the proposed control
system are conducted by Matlab/Simulink. The values of the
parameters of the two-links SCARA robot in the laboratory are
as follows [7]:

m=437Tkg, m,=124kg, I =1, =200 mm,
—al=63 mm,a,=80mm, J, =0.085kg-m,

J2=0060kg-m, K  =27590N-m/V,

K,,=13281N-m/V, B =0.8691 N-m/(rad/s)

and B, =04347 N-m/(rad/s).
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The following simulations are conducted by using two
independent PID control loops for each links as shown in Fig. 5
to control the original nonlineatr model of the SCARA robot in
(12). The parameters x, yand z of the low-pass filter in (27)

are tuned to obtain PID controllers’ gains. For the first link,
the parameters x =0.4, y=22 and z=550 are chosen and

the corresponding parameters of the PID controller (PID1) are
K,=78.764, K; =0.143 and K;=6.603. For the second
link, x=0.1, y=15 and z=600 are appointed and the
resulting PID controller (PID2) with K p =13.097, K; = 0.021

and K,=1.956 is obtained. An investigation is done in the
following 3 cases.

% e U, 0,
PID1 4

+ SCARA
u Robot é
e O PiD2 | — 2 .

Figure 5. Proposed control system structure.

Case 1: Applying step reference inputs to the first link only.

In this case, the step reference inputs at 30°, 45° and 60°
are applied to the first link while the second link is regulated at
0°. In addition, the 10° output step disturbance is applied to the
first link of the system at 1.1 seconds. The 6,(f)and 8,(f)
responses are illustrated in Fig. 6 and Fig. 7 respectively. From
Fig. 6, the first link can be attained to all set points with the
settling time 0.8 second without over shoot and steady-state
error . Meanwhile, it can be observed from Fig. 7 that the
second link is affected to deviate maximally around 3.5% of
each applied step reference and eventually return to (°.
Moreover, the control system can reject the effects of the

disturbances so that the angles of both links can be forced back
to the desired positions.

60

45

30

angle (deg)

——— 300

45°

O — 600

time (sec)

Figure 6. The response of first link for Case 1.



)
o0

angle (deg)

0 0.5 1 1.5 2
time (sec)
Figure 7. The response of second link for Case 1.

Case 2: Applying step reference inputs to the second link only.

Similar to Case 1, the same step reference inputs and
disturbances are applied but to the second link instead while
trying to keep the first link at 0°. The corresponding results for
the second and first links are shown in Fig. 8 and Fig. 9
respectively. The responses of the second link in Fig. 9 exhibit
the same characteristics as those of the first link in Case 1 and
vice versa for the first link in Fig 8. However, the first link can
maintain around 0° more closely than the second link in Case

1. It maximally deviates just less than 0.5% of the applied step
reference inputs.

0.1 M T

Y
Z ]
2
oh
g
- 30°
450
_0 3 i 1 I 600
o 0.5 A\ 1.5 2
time (sec)
Figure 8. The response of first link for Case 2.
60 F-------oms ¥—
W o4s Lo x_——_—_
=
] ¥_
() R A N e, S
g 30 !
! 30°
o 45°
: 60°
0 0.5 1 1.5 2

time (sec)
Figure 9. The response of second link for Case 2.

L

Case 3: Applying step reference inputs to both links.

In this case, the step reference inputs at 60° and 30° are
specified for the first link and the second link respectively. The
6,(1) and 8,(t) responses are illustrated in Fig. 10. It can be
clearly seen that the responses of both links are nearly identical
to the case of a single link movement. Both links reach the
desired angles without overshdot and steady state error within

0.55 seconds for first link and 0.35 seconds for second link of
settling time.

60 f

angle (deg)

201 _

10} — 60°

— 300

0 1 1
0.2 0.4 0.6 0.8
time (sec)

Figure 10. The response of two links movement.

VI. CONCLUSION

In this paper, PID controllers design based on IMC for a
two-link SCARA robet is presented. The suitable IMC low-
pass filter is proposed so that the PID controller can be derived
by applying Maclaurin series expansion to the IMC controller
in a general feedback control loop. The simulation results
verify that the PID controllers designed by the proposed
method can control the angular positions of the SCARA robot
precisely without steady state-state error. The responses can
track the reference inputs quickly without overshoot and the
effects of output disturbances can be rejected.
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Abstract

In this paper, Internal Model Control (IMC) technique is applied to design a PID controller for a two-link SCARA robot,
of which the model contains an integral term. In IMC controller design, a filter structure must be selected suitably because
it directly affects the performance of the system. In order to derive the PID controller, the IMC controller using a proposed
low-pass filter is approximated by Maclaurin serics expansion. With the proposed low-pass filter, the angular positions of

the two-link SCARA robot can track the reference input and the effect of step type input disturbance can be rejected. The

effectiveness of the IMC-based PID controller is verified by both simulations and experiments.

Keywords — Internal Model Control, IMC, Maclaurin, PID

1 Introduction

A SCARA robot (Selective Compliance Assembly Robot Arm)
is a type of robots. It is widely used in factory automation, for
examples, automotive assembly line robots and soldering robots.
As the manipulators are usually used to perform high-precision
tasks, robot controllers are required in order to control the
motion of a robot effectively and accurately.

Fuzzy Logic and Neural Network methods have been presented
to design controllers for SCARA robots [1, 2]. By using these
methods, the angular position can track the reference input
satisfactorily; however, the controller design procedures and
implementation are quite complicated.

Among various controllers, the PID controller is the most
popular controller that has been adopted in the industrial process
control due to its simplicity, successfully practical applicability
and availability in the market. Therefore many researchers have
proposed several tuning rules for the PID controller with
common process structures such as Ziegler-Nichols and Cohen-
Coon [3, 4]. However in actual implementation, the PID
controller parameters are mostly tuned by trial-and-error
method. For instance, the PID controller tuned by trial-and-error
method is employed to control the SCARA robot [5].

In addition, IMC method has been applied to design a
controller for the SCARA robot [6]. In this method, the
performance of the system depends on IMC low-pass filter’s
structure and its parameters. The introduced IMC filter is
equivalent to specifying a reference trajectory for the output [7].
In IMC controller design, the transfer function structure of the
controller is in a rational form.

Because of the popularity of the PID controller and the
advantage of the IMC controller design technique, the IMC-
based PID controller design has been introduced [8]. To do so,
the designed IMC controller with its transfer function in a
rational form is approximated by Maclaurin series expansion.
By ignoring the higher order terms of the approximated IMC
controller, the remaining terms are matched to the PID
controller structure so that the PID controller can be obtained. In
IMC-based PID controller design, difference structures of the
low-pass filters have been proposed [8, 9]. However, these
structures are not appropriate for the SCARA robot model since

the effect of the input disturbance cannot be rejected in the
corresponding control system.

In this paper, a suitable low-pass filter is proposed for the
model of the SCARA robot in order to deal with the input
disturbance rejection problem. The effectiveness of the IMC-
Based PID controller design using the proposed low-pass filter
is verified by simulations and experiments.

2 Mathematical Model

The schematic diagram of the two-link SCARA robot is shown
in Fig.1, where 6, and 6, are the angular positions of each link,
my and m, are the masses of each link, /; and /, are the
lengths of each link, and @; and g, are the distance between

the gravity centre positions and rotational positions of the first
link and the second link.

\

N\ s s
3
re

A
=

Fig. 1. SCARA robot schematic diagram.,

The positional equations of the first link and the second link
are described in (1) and (2), respectively.
x=ac, Y =as, ¢9)

Xy =hey+axcy, yy=hs+aysp, 2)



where ¢ =cosf, , s =sing, , s,=sin(f, +6,) and

Clz = COS(HI +02) .

From (1) and (2), the Lagrangian equations [10] are employed
in order to obtain the dynamical model of the two-link SCARA
robot. Then, the following non-linear state space equation of the
robot can be found [11],

x] =X3 (33)
iz = X4 (Jb)
. (Jz +JM2)[FSZ(ZX3X4+X42)—BM|X3+KMlEa|]
X3 =
A
+ (J2 + rcz)(rszxg + BM2x4 - KMZEGZ) (30)
A
4= (Jl +J2 +JMl + 27'02)(KM2E“2 ‘-I'Slez —BM2X4)
‘ A
+(J2 + "Cz)(f'Szxg + BM2X4 - KMZEGZ) (3d)

A
where
A=y +pp + Doy + s + s + 2 pprey —r3c
when J, and J, are the moment inertia of each link
r=myhay, J,, and J, , are the moment inertia of the motor
of each link, B,,, and B,,, are the rotor damping constants of
each link, K,,,and K,,, are the torque constants of each link
and E, and E,, are the current command voltage of each link.
The state variables are x; =6, x, =68, % =6 and x, = 6.

The non-linear state space equations in (3) are linearized [9,
10] and the linear transfer matrix can then be derived as a form
of (4),

G(s)=YE) _ [ Gii(s) an(S)]
U(s) _G2l(s) Gry(s)
[ 9 ls+bll =038
_|F$rast s s easebs C))
—ays ays +byy

_s3+as2+bs s> +ast +bs

o] [a® 0] _[Ea®
where Y“’“[Yz(s)]‘[ez(n] and Ute) “[Uz(s)]“[lfaz.(s)]‘

The transfer matrix in (4) will be used in the controller design.

3 IMC-Based PID Controller Design

3.1 IMC Controller Design Algorithm

The structure of IMC control system is shown in Fig. 2, G(s)
is a controlled object, G(s) is the model of the controlled
object and C(s) is the IMC controller, R(s) is a reference
input, E(s) is an error, U(s) is a command signal, U,(s) is a
command signal with an input disturbance, D,(s) is an input
disturbance, D,(s) is an output disturbance and Y(s) is an
output.

»

D(s)
R(s) . O U(s)- éu,(n

D'(s)

Fig. 2. IMC control scheme.
The closed loop transfer functions from Fig. 2 can be written as

- W (s)+ 'V, (s)+ Wy(s)
|+[G(s)-c‘;(s)]C(s) ’

Y(s) %)

where

¥,(s) = C)G(R(s) »
¥,(5) = G| 1- C()6() | D),
W, (s)= [1 g, C(s)G‘(s)] D,(s).

From the closed-loop transfer function in (5), it can be
observed that if G(s)=G(s) and using C(s)=G(s)" then
reference input tracking and disturbances rejection are achieved.
However, the controller might be improper and unstable;

consequently, the IMC controller design is conducted by two
following steps.

Step 1: Divide the model of the controlled object é(s) into
two parts asé(s) =C}+(s)é_(s). é+(s) is the transfer function
contains all the time delays and right-half-plane zeros of é(s) .

é_(s) is the transfer function with minimum phase

characteristic and contains no predictive item of é(s) .

Step 2: Derive the IMC controller C(s) by multiplying the

IMC low-pass filter f(s) with (‘§_(s)'l as in (6), to ensure the
stability and robustness of the control system.

C(s)=G_(s) 1 (s). (6)

32 Rearrangement of IMC Control System

The IMC structure in Fig. 2 can be transformed into a general
feedback control structure. The transformation relation is
depicted in Fig. 3.

Fig. 3. Equivalent IMC structure.



The controller C(s) in Fig. 3 is the IMC controller and can be
written as

C(S)_ K(S)

= (7)
1+ G(s)K(s)

From Fig. 3, it is obvious that é(s) can be cancelled each
other so that the general feedback control structure in Fig. 4 is

then derived.
D(s) D(s)
o U(s) + % Uis) o l—: % ¥(s)

D'(s)

R(s) + E(s

Fig. 4. General feedback control structure.

From (6) and (7), the controller K(s) in Fig. 4 can be
expressed as

é:l(s)

K@=
T ©-6.)

®)

33 PID Controller Parameters Approximation

To obtain the PID controller, K(s) must contain an integral
term. To meet this requirement, the IMC low-pass filter
J(s) with a suitable structure must be selected so that the

controller K(s) can be rewritten in the form of (9) where

Q(s) is a non-integral term. This controller structure will also
guarantee the step input disturbance effect rejection.

K(5)=100) . ©)

Performing the Maclaurin series expansion for Q(s) , the
controller K(s)can be expressed as

. 500152
K(s)= %[Q(O)+Q(0)s +ﬂg-zi_ +. . (10)

By maintaining the first three terms and ignoring the other
higher order terms, the remaining terms match to the PID
controller. So the controlier K(s) can be approximated as

K;
K@) =K, +—L+K s,
(S) P dS

(i1)
where
K,=0(0), (12a)
K;i=0(0) , (12b)
K;=0(0)/2. (12¢)

34 IMC-Based PID Controller Design for the SCARA
Robot

From the nature of SCARA robot, the command signal of the
first link mainly influences the angular position of the first link

"'Q(s)= 25> +(az +1)s2 + (bz + a)s +b

and the command signal of the second link mainly influences
the angular position of the second link. Therefore, in this paper,
the two closed-loop P1D controllers are designed independently

i Be) edin
f 1 = G d __l__ — s
or U\) 11(s) an U, ) Gyy(s) as depicted in Fig. 5
R‘(s) » . El(s) m U|(S) @
SCARA
R(s)s _ E\(s) Uy(s) Robot r.(s)

Fig. 5. Proposed control system structure.

Since the transfer function of the first link Gll(s) and the
transfer function of the second link Gy,(s) obtained in (4) are in

the same format, the controller design for both links can be
conducted in the same manner where the transfer function of the
first link will be considered as the controlled object model for
designing the controller. From Step 1 of the IMC controller
design, the transfer function of the first link

- a,s+b
(=N Pl AT 3
can be divided into two parts as
A ays + by
G (s)=—1=Al 14
s> +as® + bs 9
and
G, (s)=1 (15)

In Step 2, the suitable low-pass filter for designing the IMC__
controller K(s) is proposed as

zs+1

)= (16)

xs3+ys2+zs+l

With this proposed low-pass filter, it is obvious that the
controller is in the form of (9). By substituting (14), (15) and
(16) to (8), the IMC controller K(s) is obtained as

17)

K(s)—-1—~ zs3+(az+1)s2 +(bz+a)s+b
S ayxs’ +(ayy+Byx)s+ by

To approximate the controller K(s) in (17), non-integral term
is assigned as O(s) in (18)

(18)

axs” +(ayy +byx)s +byyy

Finally, the PID controller parameters can be computed by (12).
Numerically, the constant parameters for the two-link SCARA
robot in the laboratory are used as listed in Table 1.



Table 1. Constant parameters for the two-link SCARA robot

Parameters | Values | Unit

m, 437 kg

m, 1.24 kg

L =1 200 mm

a, 63 mm

a, 80 mm

b5 0.085 kg -m

S 0.060 kg-m

K, 27590 | N-m/V

Koo 1.3281 N-mlV

By, 0.8691 N-m/l(rad/s)
B, 04347 | N-mKrad/s)

With the properly tuned parameters x, y and z of the low-

pass filter, the parameters of the PID controller of each link can
be derived as shown in Table 2 .

Table 2. Parameters of the designed PID controllers

X y 2 Kp K“ Kd
PID1 | 15x107 | 5x107 | s5x107" | 41 | 65 | 4
PID2 | 20x107° | 4x1073 | sx107'| 46 | 73 | 4

4 Simulation and Experimental Results

In this section, the simulation and experimental results for
controlling the two-link SCARA robot by using the proposed
controller are demonstrated. In the simulations, the non-linear
model of the two-link SCARA robot in (3) is used as a
controlled object. In the experiments, the actual SCARA robot
shown in Fig. 6 is employed. The PID controllers with the
parameters in Table 2 are used in both simulations and
experiments. The simulations and experiments are studied in
cases as follows.

Fig. 6. Actual SCARA robot used in laboratory.

Case 1: The reference inputs or set-points (SP) at 45° and at 0°
are respectively applied to the first link and second link. The
responses are depicted in Fig. 7. The experimental result is
similar to the simulation result. From Fig. 7(a), the response of
the first link can track the reference input at 45° ‘with the rise
time ¢, =0.45s , maximum overshoot Mp =22% and settling

time ;=275 and without steady-state error. Meanwhile the

second link is maximally deviated around 1.3° and returned to

0" within the same settling time as can be seen in Fig. 7(b).

Angle (deg)
w
=)

5 — Experiment

00 1 2 3 4 5 6 7 ;9% 10
Time (sec)

(a) First link.

— Experiment | |
""" Simulation
0 1 2 3 4 o) 5 7 8 9 10
Time (sec)

(b) Second link.

Fig. 7. Simulation and experimental results for Case 1.

Case 2: The reference inputs at 0° and at 45° are respectively
applied to the first link and second link. In this case, the
responses are shown in Fig. 8. The results exhibit similar
characteristics to Case 1. From Fig. 8(b), the second link can

track the reference input at 45° with the rise time ¢, =0.45s,
overshoot Mp =20% and settling time ¢, =2.7s and without
steady-state error. From Fig. 8(a), the deviation of the first link

in this case is less than 0.6, which is much smaller than the
deviation of the second link in Case 1. However, in the
experimental result, the angular position of the first link exhibits

a temporary offset once it is driven back near 0°. This is due to
the static friction of the actual robot but the angular position is

eventually forced back to 0° once the command signal is
sufficiently accumulated to drive the link.

Case 3: In this case, the reference inputs at 45° are applied to
both links. The responses are shown in Fig. 9. It can be seen
that the response of first link is similar to the response of the
first link in Case 1 and that of the second link is similar to the
response of the second link in Case 2. The step type input
disturbances at 4 volts are programmed to enter the system at
4.5 seconds for both links. The angular positions of both links

drop at maximum about 5°and they can be eventually forced



back to the set-points at 45° without steady-state errors within
the same settling time of each link
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Fig. 8. Simulation and experimental results for Case 2.

s
The performances of the system in the above three cases can be
summarized in Table 3 from the experimental results. It can be
noticed from these results that since the parameters of the
proposed IMC low-pass filter are selected nearly equal in

. designing the controllers of both links, the performance of both
links are then nearly identical.

Table 3. System performances

SP I t Mp
= 1" link 45° 0.45s 2.7s 22%
]

O | 2Ilink 0° - - -
~ 1* link 0° - - -
Q

8 2™ fink 45° 0.45s 2.4s 20%

o 1* link 45° 0.45s 2.7s 22%
a8

© 2™ link 45° 0.45s 24s 20%

§ Conclusion

In this paper, the suitable low-pass filter for designing the
IMC-based PID controller for the two-link SCARA robot has
been presented. From the simulations and experiments, it can be

seen that the proposed control system has a good performance.
The angular positions of the links can track the reference inputs
without steady-state error and the transient responses are fast

with acceptable overshoot. In addition, the effects of input
disturbances can be rejected.

60
55
50t fF

— Experiment
3 ==+ Simulation
0 1 2 3 4 5 6 7 8 9 10

Time (sec)
(a) First link.
60
55
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45 1
~~ 40 ’
g 35
2 30 q
& 25
<
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15
I =~ Experiment
& --=-- Simulation ||
0 1 2 3 4 5 6 7 8 9 10
Time (sec)
(b) Second link.

Fig. 9. Simulation and experimental results for Case 3.
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