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ABSTRACT

In this thesis, a simplified designing method of the PID-family controller for a higher-
order plant by using the concept of plant model reduction and the Coefficient Diagram Method
with the less number of stability index 7, is presented. By ignoring the non-dominant poles of the
higher-order plant model, a lower-order plant model is first obtained. Then, the PID-family
controller will be designed for controlling the lower-order plant model by using Coefficient
Diagram Method with the appropriate values of stability index in order to achieve the system
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inertia system. The experimental results show that the PID-family controller designed from the
lower-order plant model is sufficient for controlling the original higher-order plant with

acceptable performance.
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Chapter 1

Introduction

1.1 Statement and Significance of the Problems

Since several decades ago, most of the industrial processes have employed the PID-family
controllers due to their simplicity and sufficiency in process control applications. It is reported
lately that more than 90% of the industrial process controllers used nowadays are the PI
controllers [1]. However, the parameters of the controller have to be tuned for acceptable
responses. Over the years, there are many formulas derived to tune the parameters of PID-family
controllers [2]. Some well-known PID tuning formulas are: 1) Ziegler-Nichols’ tuning formula
[3-4]; 2) Cohen-Coon tuning method [5]; 3) Gain and phase margin formula (GPM) [6-7]. The
most popular tuning method is the Ziegler-Nichols’ tuning formula which is designed to have
quarterly decayed overshoot characteristic in the step response but the fine tuning is needed for
the practical use to reduce the overshoot in the closed-loop response.

In 1998, a new designing method called Coefficient Diagram Method (CDM) [8-9] has been
proposed by Professor Shunji Manabe, The CDM is an algebraic design algorithm utilizing
polynomial form structure. In CDM, the closed-loop characteristic polynomial is designed based
on stability index and equivalent time constant, which are used to determine stability and speed of
the closed-loop response. Hence, the unknown parameters of the controllers resulting for over-
damped response can be obtained accordingly [10-11]. However, it is quite time consuming in
designing the parameters of a controller especially for a higher-order plant.

In this thesis, the simplified design of a PID-family controller for higher-order plant using
CDM with less number of stability indexes ¥, is presented. By ignoring the non-dominant poles,
the higher-order plant is reduced to be a lower-order plant model. After that, the CDM is used to
design the PID-family controller for controlling the lower-order plant model. Finally, the PID-
family controller designed for the lower-order plant model is employed for controlling the
original higher-order plant. In order to check the control capability of the controller designed by
this designing method, the simplified design of PI controller and I-P controller which are the most
popular of PID-family controller in speed control of DC motor drive [12-13] will be implemented

to control the speed of two-inertia system [14].



1.2 Research Objective and Approach Methodology

The need to design the PID-family controller having a desired system performance and

simplicity in design has motivated the following studies:

1)

2)

3)

Study of PID-family controller which are the most popular used in industrial process. In
practical use, the parameters of the PID-family controller have to be tuned for acceptable
performance. There are many formulas derived to tune the parameters of PID-family
controllers, but the most popular tuning method is the Ziegler-Nichols’ tuning formula.
However, the fine tune is needed for overdamp characteristic response.

Study of a controller designing method called CDM which is an algebraic design
algorithm utilizing polynomial form structure. The plant and the controller are
represented in polynomial form. The stability index y, and the equivalent time constant
7 are defined based on the CDM concept. The coefficients of numerator and
denominator polynomials of the closed-loop transfer function obtained from the
appropriated value of ¥, and ¢ are related to the controller parameters.

Study of two-inertia system characteristic. Two-inertia system has some problem about
the torsional resonance that must be reduced by using a controller. The PI controller and

I-P controller are investigated in controlling the speed of two-inertia system.

4) Simplified design method based on CDM for PID-family controller is proposed. The

higher-order plant must be reduced first by ignoring the non-dominant poles. A controller
for the reduced order plant model is then designed by CDM. Finally, the controller

designed for the reduced order plant will be used to control the original plant.

5) Implementation of the simplified design of PI controller and I-P controller for controlling

the speed of two-inertia system. The effectiveness of Simplified design PID-family
control algorithm used to control the speed of two-inertia system is shown in three
aspects: response of speed control system, disturbance rejection capability and the

robustness characteristic.



1.3 Summary of Thesis Contents

This thesis is organized in 6 chapters including references and appendices.

Chapter 2 explains the basic of the CDM, which consists of the CDM standard block
diagram, basic mathematical relations concerning with the CDM and coefficient diagram.

Chapter 3 describes the fundamentals of two-inertia system, such as the system structure and
the mathematical model.

Chapter 4 introduces the structure of PID-family controller and proposes a general form of
PID-family control system for designing controller parameters by CDM. In this chapter, the
model order reduction will be discussed first. Then the overview of the PID-family controller, the
control system structure and the design procedure will be presented respectively. Finally, the
controller design for speed control of two-inertia system will be explained. The PI controller and
I-P controller which are the most popular of PID-family controller in industrial process will be
investigated in controlling the speed of two-inertia system.

Chapter 5 presents the application in controlling the speed of two-inertia system of PI
controller and I-P controller. The simulated and experimental results of the PI control system in
controlling the speed of two-inertia system will be described first. Then, the controlling result of
the I-P control systern will be shown.

Chapter 6 concludes the results of this research and the future works.



Chapter 2

Coefficient Diagram Method

The general problem of control system designing is how to choose a proper controller to meet
the desired performance specifications. There are three main theories employed for the controller
design procedure: Classical Control Theory, Modern Control Theory and Polynomial Approach
which is sometimes called the Algebraic Approach. The classical control method, such as
frequency résponse method and root-locus method, uses the transfer function in frequency
domain for the system representation. The transfer function seems to be easy to handle, but it will
become inaccurate when pole-zero cancellation occurs due to uncontrollable or unobservable
situations. The modern control method designed by the pole-placement method and the optimal
control uses the state-space representation. This representation is accurate and well-suited in
machine computation. The Coefficient Diagram Method (CDM) is an algebraic control design
approach. This method uses the polynomial form of transfer function for system representation.
The denominator and the numerator of the transfer function are considered independently from
each other. Thus, the better results can be achieved against pole-zero cancellation. In this chapter,
the CDM standard block diagram and the basic mathematical relations concerning to the CDM
method wilt be described.

2.1 Basic Features of CDM
The CDM is an algebraic control design approach with the following five features.
(1) Polynomials are used for system representation.
(2) Characteristic polynomial and controller are simultaneously designed.
(3) Coefficient diagram is effectively utilized.
(4) The sufficient condition for stability by Lipatov constitutes the theoretical basis of CDM.

(5) Kessler standard form is improved and used as the standard form of CDM.

CDM designing method is based on the stability index 7, and the equivalent time constant 7
as defined later. The equivalent time constant 7 specifies the response speed. The stability index
7, specifies the stability and the wave form of the time response. The variation of stability index

7, due to the plant parameter variation specifies the robustness of the control system.



2.2 CDM Standard Block Diagram

- C(s)

D(s)
CDM Controller Plant
+ 1 O & 1
R(s) ™ B,(s) A(s) AP(S) > BP(S)
| B.(s) (e

Figure 2.1 CDM standard block diagram of SISO system.

The standard block diagram of the CDM design for a single-input-single-output system is

shown in figure 2.1. 4,(s) and B,(s) are the polynomials of the plant, 4.(s), B.(s) and B,(s)

are the polynomials of the standard CDM controller. D(s) is the disturbance entering to the

controlled system. The transfer function of the plant in polynomial form can be expressed as

A ()= ps* +p "+t py
B (s)=q,s" + g, 8" +o.tq,
and the controller polynomials are given by
A(s) =1 +1,_ 5"+ 4]
B.(s)=k,s* +k,_ s +..+k,

B,(s)=p,s* +p, 5" +..+p,

2.1)

(2.2)

(2.3)

24)

(2.5)

where A <k and m <k. B,(s) is called pre-filter. Since the transfer function of the controller

has two numerators, it is resembled to a two-degree-of freedom (2DOF) system structure.



The better performance can be expected when using 2DOF structure, because it can compromise

on both tracking the desired reference signal and disturbance suppression.

2.3 Characteristic Polynomial

The characteristic polynomial of the closed-loop system without pre-filter is defined as
P(s) = A,(s)A,(s)+ B.(s)B,(s)

_ n n-1
=as +a, s +..tas+a, (2.6)

n
]
= Za,s

=0

where a,,4,,...,a, are the coefficients of the characteristic polynomial. The stability indexy,,

the equivalent time constant ¢ and stability limit 7,‘ are defined as follows.

¥, =— 2.7
ai+laf—l
- (2.8)
aO
o1 1
Y, =——+_;}’o,7’,=°° (2.9)
71+l yl-l
where i =1,...,n—1. From (2.7) and (2.8), the coefficient @, can be written by
a=art S
S AR
-1 1
=ar (2.10)

" (71—1)1.



Substituting each coefficient g, into equation (2.6), then the characteristic polynomial will be

expressed in term of @y, 7 and y; as

P(s)=a, Ii{z":(ﬁ—}-)(rs)'}+ rs+ 1] . @.11)

=2\ j=1 Vi-y

2.4 Coefficient Diagram

Coefficient diagram is a powerful and useful tool for the controller design. It gives
information on stability, time response and robustness of systems in a single diagram. In
coefficient diagram, vertical axis logarithmically shows the coefficients of characteristic
polynomial q,, stability index y,, stability limits 7, and equivalent time constant 7 while the
horizontal axis shows the order i values corresponding to each coefficient. The degree of
convexity is a measure of stability. The general inclination of the curve is a measure of response
speed. The variation of the shape of the curve due to the plant parameter variation is a measure of
the robustness.

To give an idea about the coefficient diagram consider the characteristi¢ polynomial
P(s)=0.25s" +5* +25* + 25> +s+0.2 (2.12)

for the following CDM parameters

7,=[22225] (2.13)
=5 (2.14)
7, =[0.51 0.9 05]. (2.15)

These values are shown in a coefficient diagram as in figure 2.2. The control system becomes
more stable if the curvature of the a, curve becomes larger corresponding to larger stability index
7, as shown in figure 2.3a. If the a, curve is left-end down, the equivalent time constant 7 is

small and response is fast as shown in figure 2.3b.



a; 2 9 ViYi
T
1 ] 10
7=35
e ., 2.5] >
70.25 : 2 )
Vi
0.1 2 ey 1
o’ 1 0-90~.‘.‘~..
0.5 05 |0
0.2
5 4 3 . 2 1 0
P(s)=)Y a5 i
i=0
Figure 2.2 Coefficient diagram.
a largerT;'i more stable a, LY larﬂ 7 slower response
p—

W

e, o

N

r o
/(
7

smaller ¥, less stable ~
0.1 \ 0.1 N\
smaller 7 faster response
5 4 3 2 0 5 4 2 1 0
i i
(a) system stability (b) system response

Figure 2.3 Corresponding of variation of stability index y,.

2.5 Stability Condition

Stability analysis of systems with the third or fourth order characteristic polynomial can

easily be done using Routh-Hurwitz stability criterion. However, the effect of coefficient

variations on stability cannot be seen clearly for systems with higher orders. Necessary conditions

for stability or instability of systems with higher orders can be found easily using Lipatov’s work.



From the Routh-Hurwitz stability criterion, the stability condition for the third order is given as
a,a, >aa,. (2.16)
Equivalently, it can be expressed in term of stability index by
vt >1. (2.17)

In the case of fourth order system, the stability condition is given as

a a
a,>Lta,+=2a, (2.18)

a a

3 1

In term of stability index and stability limit, it can be rewritten by
7., > 1. (2.19)

Form equations (2.9), (2.17) and (2.19), it is concluded that the stability condition for the third

and fourth order is written by
7,>7, , forall i=20n-2. (2:20)

For the system higher than or including the fifth order, Lipatov gave the sufficient condition
for stability and instability in several forms. The conditions most suitable to CDM can be stated
as follows;

“The system is stable, if all the partial fourth-order polynomials are stable with the

margin of 1.12. The system is unstable if some partial third-order polynomial is unstable.”

Thus the sufficient condition for stability is given as

a a,
a, >1.12|:—i?'-a,+2 +—i'-a,_2], (2.21)

141 a4
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y,>1.12y, forall i=20 n-2. (2.22)

The sufficient condition for instability is given as

Q@ <G00, (2.23)
¥ <1, forsome i=10n-2. (2.24)
2.6 Standard Form of CDM

Kessler proposed stability index y, to be 2 for all i in order to decrease the oscillation and
overshoot in the ITAE (Integral Time Absolute Error) form. But it was later found that better
response, no overshoot and shorter settling time can be obtained by increasing ¥, to 2.5. Thus the

standard value of y, for the CDM is

Van ==V =V, =2, 1 =235, (2.25)

and CDM design has a settling time

t,=2.57037. (2.26)

As in equation (2.11), the characteristic polynomial is expressed in the powers of zs, and
the coefficients are expressed by ¥,. Thus the shapes of response and speed are determined by 7,

and 7 respectively.

The features of the CDM standard form can be summarized as follow:

(1) No overshoot for the type 1 system and a proper overshoot about 40 percent for the type
2 system

(2) The shortest settling time for the same equivalent time constant 7

(3) The similar wave form irrespective to the order of system

(4) The low order poles are of the equal decay. The high order poles are in the sector 50

degrees from the negative real axis. The damping ratio & is 0.65.
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2.7 Modification of the CDM Standard Form
In the actual design, the choice of the standard stability index is strongly recommended due
to stability and response requirements. However, it is not necessary to make y, 0y, , equal to 2.

The condition can be relaxed as

y,>1.57,. (2.27)

Therefore, the designer has the freedom of designing the controller. Sometimes it may be
advisable to select the larger value of the stability index, in order to improve the robustness
related parameter change. From the sufficient condition for stability by Lipatov, stability is
guaranteed when all 7,’s are larger than 1.5. Lipatov proved in his paper [15] that, if all y,’s are
greater than 4, all the roots are negative real. Thus,y,’s usually chosen between 1.5 and 4.
Sometimes the system is built in such manner that some y, is already larger than the standard

value. In such case it is not necessary to reduce it to the standard value.



Chapter 3

Introduction to Two-Inertia System

Two-inertia system is used in some industrial process such as the rolling mill drive system in

the paper and the metal sheet producing process [16] as shown in figure 3.1. Two-inertia system

structure and its mathematical model will be described in this chapter respectively.

Figure 3.1 Rolling mill drive system.

The main trouble in controlling two-inertia system is the torsional resonance. It is because of
the limitation of the stiffness in the shaft connecting between the drive motor and the load [17]
that will make the difference of angular position or the torsion along the shaft. This angular
position is related with the frequency of the input signal and the parameter of two-inertia system.
In some frequency will make the collecting of the kinetic energy which increases the amplitude of
the torsion in the shaft. This phenomenon is called the torsional resonance that will make the
damage on the system. Thus the controller is needed to control and reduce the unsatisfied

torsional resonance in two-inertia system.
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3.1 Two-inertia System Structure

The structure of two-inertia system used in this thesis can be shown in the figure 3.2. It
consists of two DC motors (Model SS40E8 of SAWAMURA DENKI KOGYO CO., LTD),
encoder (Model E6C2-CWZ6C of OMRON), driver and supply. One of the DC motor is the drive
motor connecting to the load motor .by the shaft. The encoder is the rotary encoder that used for

measuring the speed of each motor (More details in the Appendix).

 Motor Shaft Load

Figure 3.2 Two-inertia system structure.

3.2 Mathematical Model
The model of two-inertia system that shows the motion and the direction of torque of

each motor can be depicted in figure 3.3,

Figure 3.3 Model of two-inertia system.



where the parameters in this model are as follow:

ea

he h% ‘"‘k‘ l:ﬂ uR 5% Ek‘ ;\] SR ie

o

is input voltage applied to the armature
is back electromotive force voltage
is armature resistance

is armature inductance

is armature current

is back electromotive force constant
is motor speed

is motor torque constant

is motor torque

is moment of motor inertia

is angle of motor rotation

is torsional stiffness of drive shaft
is load torque

is moment of load inertia

is angle of load rotation

is load speed

is disturbance torque
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The mathematical model of this two-inertia system is the transfer function of the input

voltage applied to the armature e, and the motor speed @,, . From the model of two-inertia system

when the e, is applied with DC voltage, the armature current i, can be calculated by the

Kerchoff’s law as

e, =R O+L, (%i.,(t))w,m,

3.1

where e, is the back electromotive force voltage that occurs in motor where there is relative

motion between the armature of the motor and the external magnetic field as the Faraday’s law of

induction [18). Its magnitude is depended on the speed of motor with the relation of

e,=K.o, ).

(3.2)
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Taking the Laplace transform of equation (3.1) and (3.2), assuming the zero initial condition, the

armature current of the motor can be written as

E,(s)-K,,(s)
Ls+R,

I(s)= (3.3)

Let the magnetic flux is constant, the torsion of the motor will be depended on the armature

current and can be expressed as

T.(5)=K,1(s). (3.4)

Replacing the armature current I, in equation (3.3) to equation (3.4), then

KM
Ls+R,

a

T, (s)= (E,(5)-K,0,(5)) - (3.5)

The torque of motor 7, in mechanical analysis can be calculated by

T,(5) =T, (5)+ T, (5) + [0 (5) + J,52,(5) (3.6)

where T, and f,, are the loss torque from the friction and the viscous friction of the motor which

are very small value and can be neglected. Consequently, the motor speed @, (s) can be

computed by this equation
o, ()= L6)-T,(9) . 3.7
J,S

The motor speed @, (f)is the change of the angle of motor rotation 6, (t) per timef. Then the

relation of @,,(s)and G,(s) can be expressed as

8.(s)= “’ms(s) . (3.8)
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The torque of load motor T, can also be calculated by the same method of computing the

torque of the motor. Hence, the load speed @, (s)and the angle of load rotation g, (s) can be

computed by
w,(s) = L()-1,(5) 3.9
J.s
and
CACN (3.10)
s

From studying, torque of load motor 7, will depend on the difference between the angle of motor

rotation 9, (s) and the angle of load rotation &, (s) and can be written as

T,(5) =K, -[6,(5)-6,(5)] (.11)
or
K
LE="*[o,()-e, )] (3.12)

From equation (3.5), (3.7), (3.9) and (3.12), let the disturbance torque 7,= O, the transfer

function of two-inertia system can be expressed as

@,(s) _ a,s® +a,
G = 5 3.12
p(5)= E,(s) bs*+bs’+b,s® +bs+b, (3.12)

Km
where a,= ,
JIIILG
K, K,
a, = 5
JmJLLa
b, =1,
R,
b3 - La ’
b KsLa (Jm + JL)+ KmKeJL
2 JmJLLa ’
b — KsRa(Jm +JL)
! J L,
by = K, K, K

JJL
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Chapter 4

Controller Design

The simplified designing method of the PID-family controller based on CDM is discussed in
this chapter. The plant model order reduction, the control system structure, controller design
procedure and controller design for speed control of two-inertia system will be described
respectively. The order of higher-order plant will be reduced first by ignoring the non-dominant
poles. Then the parameters of PID-family controller for a lower-order plant model are designed
based on the stability and the speed of the controlled system. Stability is designed from the
stability index ,, and speed is designed from the equivalent time constant 7. The stability index
¥, and the equivalent time constant 7 are defined based on the closed-loop transfer function.
These coefficients are related to the controller parameters algebraically in an explicit form.
According to the proposed design methodology, the parameters of the PID-family controller can

be obtained for the higher-order plant easily and properly.

4.1 Plant Model Order Reduction
The plant model order reduction will be discussed in this section. Consider the k"-order plant

with the transfer function given as

K m
B,(s) E“”’). iom @.1)

4 ) H(S +p;)

i=1

G, ()=

Without loss of generality, assuming that the plant contains the non-dominant poles -p, for
i=1,2,...,1. By ignoring the non-dominant poles, the K"-order plant can then be reduced to be a

lower-order plant model and its transfer function is

_ K[Je+z)
Gp(s)=}?"(s)= - j ;K:,—K—;k—zzm. 4.2)
46 T+ 1~
=l+] =1

50184
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4.2 PID Control System Structure

The general PID-family control system structure can be shown in figure 4.1. It consists of a

higher-order plant G,(s) and a PID controller where K, is the proportional gain T} is the

integral time and T} is the derivative time.

PID Controller
] IX(s)
—~ &,
R(s) + T |4 UG s
g 2l i G,(s) »C(s)
- Ili. + + ?
K, T,

Figure 4.1 PID-family control system structure.

Since G,(s) is reduced to be the lower-order plant model ép (s), therefore, the CDM

control system structure for the lower-order plant model can be depicted as figure 4.2.

D(s)
CDM Controller Lower-order Plant Model
+ 1 U (s): . 1 . L
R(s) > B.(s) 0 L - 1o —» B,(s) > C(s)
| B.(s) |

Figure 4.2 CDM control system structure for the lower-order plant model.

In order to be able for PID-family controller designing, the CDM control system structure for

the lower-order plant model in figure 4.2 must be rearranged as figure 4.3 such that the PID-
family controller can be designed.
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D(s)
CDM Controller with pre-filter Lower-order Plant Model
R(s) + Us) v ! - C(s)
> G, (s) G.(s) Iy g e > B,(s) >
P

Figure 4.3 Rearranged CDM control system structure for the lower-order plant model.

The rearranged CDM control system structure in figure 4.3 consists of a controller G, (s) and the

pre-filter G, (5) and the corresponding transfer functions are given as

4 B_(s)
G.(s) -_—Ac(s) 4.3)
and
-y B.(s)
G, _B, ) - 4.4)

where B,(5) is the coefficient of the s°of B,(s). From the block diagram of the rearranged CDM
control system structure for the lower-order plant model in the figure 4.3, the closed-loop transfer

function from the input R(s) to the output C(s) is then given by

C(s)  Gy®[B.)+B,(5)]

= = = 4.5)
R(s) A.(s)4,(s)+B.(s)B,(s)
and the transfer function from the disturbance D(s) to the output C(s) is
C(s) _ B,(5)4.(s) (4.6)

D(s) A.()4,(s)+B.(s)B,(s)

From the transfer functions (4.5) and (4.6), it is seen that the pre-filter G,(s) has an
influence on the transfer function from R(s) to C(s) and can be used to increase the speed of the
transient response of the controlled system, while the transfer function from D(s) to C(s) is not

affected.
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In order to derive the closed-loop transfer function of the PID-family control system in term
of ¥, and 7, the closed-loop transfer function the PID-family control system given by equation

(4.5) might be expressed as

C(s) _ bus" + b, s""+..+bs+b,

s 4.7
R(s) as"+a,_s"" +..+as+a, “.7

where n=(k—1)+1. Then, the characteristic polynomial of the closed-loop system in the term of

¥, T and a, can be expressed as
P(s) = 4,(s)4,(s) + B.()B, (5)

-1
=as"+a, s +..+tas+aq, (4.8)

=a, Hg(ﬁi}(m)’}+n+l}.

This characteristic polynomial is a general form for designing the PID-family controller for the
lower-order plant model. Then, the PID control system designed for lower-order plant model by

the CDM method will be depicted as figure 4.4.

PID Controller

[~ | : D(s)

A

Bl Lo

Lower-order Plant Model

R(s)
—{G, () —n

G,(s) »C(s)

y
o
o

Figure 4.4 PID control system designed by CDM method for the lower order plant model.
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The controller G.(s) in the figure 4.4 is assumed to be the PID controller and its transfer

function can be expressed as

1
G.()=K, (1 + FIS-+ T:,SJ 4.9)
or
K s+K +K,s*
G.(5)=20) DL RS @.10)
A4.(s) 5

K,
where K| =‘T and K, =K,T,.
i

From the transfer function of lower-order plant model GP (s) shown in equation (4.2), the

characteristic polynomial of the closed-loop system is

B, (5) = 4,(s)A,(s) + B.(5)B, ()

£ [{s} {(ﬁ( p,)fl(s + p,))H +[{Kps +K, + K5} {Kﬁ(s + 2,)}}

i=1 i=l+1 j=1

= ia,s’, (4.11)

i=0

where n=(k—-1I)+1. This characteristic polynomial is a general form for designing the PID-
family controller for the lower-order plant model. With the appropriate values of the stability
index y, and/or the equivalent time constant 7, the values of the proportional gainK,, the
integral gain K, and the derivative gain K, of the PID controller can be obtained by equating the
characteristic polynomial in equation (4.11) with the characteristic polynomial in equation (4.7).
From the equation (4.4) and (4.10) with B, (s) = X, , the transfer function of the pre-filter G,/ (s)

for the PID control system is

B,(s) _ K,
B.(§ K,’+K,s+K,’

G, (5= 4.12)
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4.3 Controller Design Procedure

The designing steps for the PID-family controller are as follows:

(1) Find the closed-loop characteristic polynomial of the control system with the lower-order
plant model and the PID-family controller.

(2) Choosing the appropriate values of the stability index y, and/or the equivalent time
constant 7 to find the closed-loop characteristic polynomial such that the over-damped
response of the closed-loop system with lower-order plant model including G, (s) is
obtained, where B,(s) is the coefficient of s° of B,(s).

(3) Find the parameters of the controller by equating the closed-loop characteristic polynomial
obtained in step (2) with the closed-loop characteristic polynomial obtained in step (1).

(4) Applying the controller obtained in step (3) to control the original plant to investigate the

control capability of the simplified design controller.

4.4 Controller Design for Speed Control of Two-inertia System

The PI controller and I-P controller which are the most popular controller for the speed
control of the DC motor drive are considered. The simplified design of PI controller and I-P
controller for controlling the speed of two-inertia system will be demonstrated in this section

respectively.

4.4.1 PI Controller Design

The structure of PI control system designed for lower-order plant model by the CDM method

will be depicted as figure 4.5.
PI Controller
D(s
P ()
Lower-order Plant Model
R(s5) ralPS ¥ O
_— G” (s + » —L > + ép(s) »C(s)
_ s

Figure 4.5 Structure of PI control system with the lower-order plant model.
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The controller G, (s)is assumed to be a PI controller. The transfer function of the PI controller

can be expressed as

G,(s)=K, X (4.13)
A

or

Bc(s) _ Kps + KI
A(5) s

G.(s)= 4.14)

From the general characteristic polynomial for designing the PID-family controller for
controlling the lower-order plant model in equation (4.1 1), the closed-loop characteristic
polynomial of the PI control system can be given by neglecting the derivative term ( K ;s ). Thus,
the characteristic polynomial for designing the PI controller for controlling the lower-order plant

model can be expressed as

Py(s)= [{s} {(li[ (o, ),-1':1 (s+ p,))H + [{Kps +K} {Kﬂ(s +3, )H
. Z":a,.s', (4.15)

where n = (k —I)+1. With the appropriate values of the stability index y, and/or the equivalent
time constant 7, the proportional gain K, and the integral gain K, of the PI controller can be
obtained by equating the characteristic polynomial in equation (4.15) to the polynomial in
equation (4.7) stated previously. In this case, B,(5)of the PI control system is K,. Hence, the

pre-filter G, (5) of PI control system can be calculated by

Ba(s) — KI (4 16)
B.(s) K,s+K, ’

G, (s)=

44.2 I-P Controller Design
It is known that I-P controller is the improvement of PI controller in speed control of the DC
motor [13]. The proportional term is moved to the feedback path and it acts like feedback

compensation and I-P controller still has the same closed-loop characteristic equation as the PI
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controller. In this configuration it is possible to avoid large change in control signal due to the
suddenly change in the reference input [19]. The structure of the I-P control system designed for

lower-order plant mode! by the CDM method will be depicted as figure 4.6.

D(s)
Integral Controller U(s) Lower-order Plant Model
R(s) + * - C(s)
—»G of ()] G » (s) >
Proportional Controller

Kp<

Figure 4.6 Structure of I-P control system with the lower-order plant model.

The polynomials of the modified plant A;(s) and B; (s) shown in figure 4.3 are obtained from

the lower-order plant model G~p (s) and the proportional controller K, .

D(s)

Integral Controller Modified Plant

R v L
(s) G, () + % o - u(s) &)

C(é;)

Figure 4.7 Rearrange structure of I-P control system with the lower-order plant model.

In order to assign the parameters of the feedback controller and the integral controller of the
I-P control system, the characteristic polynomial of the control system must be first found from

the modified plant

B _ B0 | 4.17)
As) A,+K,B(s) ‘

G, ()
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The controller G,(s) is assumed to be the integral controller and its transfer function is

Gc(s)=-B‘—(S—)-=£ (4.18)

A (s) s '

The closed-loop transfer function of the simplified design I-P control system can be expressed as

C(s) _ Gy () Bs)+By()]

= e o (4.19)
R(s) A.(s)4,(s)+ B.(s)B,(s)

From the general characteristic polynomial for designing the PID-family controller for the
lower-order plant model in (4.11), the closed-loop characteristic polynomial of I-P controller for
the modified plant can be given by neglecting the proportional term (K,s) and the derivative
term (K,s®). Hence, the characteristic polynomial for designing the I-P controller can be

expressed as

B_p(s)= A.(s)4(s)+ B.(s)B;(s)

=[{s} {(ﬁ(pof[(s+p,))+(1<,,121j(s+z,))H{{K,}{flﬂI(s“/)H

i= i=l41 J=l

=, (4.20)

i=0

where n = (k — 1) +1. Then, the proportional gain K, and the integral gain K, of the I-P controller
can then be obtained by equating the characteristic polynomial in equation (4.20) with the
polynomial in equation (4.7) assigned by the appropriate values of the stability index y, and/or
the equivalent time constantz . From the equation (4.4) and (4.18) with B,(s)=K,, the transfer

function of the pre-filter G, (s) for the PID control system is

pr(s) = —iagj =1. 421



Chapter 5

Simulation and Experimental Results

The effectiveness of the PI controller and I-P controller designed by the simplified design
method for the speed control of two-inertia system will be evaluated in this chapter. A series of
simulations and experiments are performed. The system responses at a desired speed are
investigated first and then the responses when the reference speed is suddenly change will be
studied. Finally, the disturbance rejection capability of the simplified designed control system is

also investigated.

5.1 Parameters Adjustment of Two-inertia System
The block diagram of two-inertia system can be shown as figure 5.1. The unknown

parameters of the system must be found from experimental result.

T,(5)—= s B
+ Js+f,
() [X, i
S A +
E(s)_+ K Loy [ 0,(8)
X Ls+R, + J,s+ 1,
K le

Figure 5.1 Block diagram of two-inertia system.

By using the parameters from the datasheet, the open-loop response of two-inertia system is
obtained by simulation and then is compared with the one obtained by expetiment. If the
simulated response is different from the experimental response, then the parameters of two-inertia
system are adjusted until the simulated open-loop response is similar to the experimental one as
shown in figure 5.2. The adjusted parameters are shown in Table 5.1. The open-loop responses
with torsional resonance shown in figure 5.2 are obtained by applying the voltage at 5 volts to
two-inertia system at E, (s) . Note that the solid line is the experimental response while the dashed

line is the simulation response of the system used the adjusted parameters.
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Figure 5.2 Open-loop responses.

Table 5.1 Adjusted parameters of two-inertia system. T

R, | Armature resistance 0.25 02
L, | Armature inductance 0.10 mH
K, | Back electromotive force constant 3.85v/krpm
K, | Motor torque constant 32N-cm/A
J,, | Moment of motor inertia 0.8 kg - cm’
J, | Moment of load inertia 0.9 kg - em’

| Torsional stiffness of drive shaft ISN-m/rad

From the transfer function of two-inertia system indicated in the chapter 3 and the adjusted

parameters in TableS.1, the transfer function of this two-inertia system can be expressed as

4x10%s® +6.67x10’

= . 5.1
st +2.5x10°s% +1.57x10°s* +8.85x10%s + 2.57 x 10° (5-1)

G,(5)

In order to design the controller for controlling two-inertia system by the proposed simplified

designing method, the order of two-inertia system must be reduced first. The open-loop poles of
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two-inertia system are located at s=-39.6, -2436.8 and-11.8+j50.2. By ignoring two non-

dominant poles at 5= -39.6 and s =-2436.8, the transfer function of lower-order plant model is

~ 4x10*s? +6.67x10’

G (s)= . 5.2
»(5) 9.65x10%s? +2.28x10%s +2.57x10° (5.2)

Then the lower-order plant model will be used to design the PI controller and I-P controller by

CDM. The result of controlling speed of original two-inertia system will be shown next sections.

5.2 PI Controller in Speed Control of Two-inertia System

Based on the PI controller design procedure stated previously, the parameters K, and K, of
the PI controller including the equivalent time constant 7 of the closed-loop system obtained by
using the lower-order plant model with % =7andy, = 0.5 are shown in the Table 5.2. Note that
the gamma values are chosen to give the positive values of K,and X, of the PI controller when
the simplified design method is employed. For comparison, the parameters of PI controller and
the equivalent time constant obtained from the original two-inertia system with y, =2.5, 7, =2,
7, =134 and y, =32.4 can also be shown in the Table 5.2. Note that the structure of pre-filter

(4.17) of the simplified control system and the direct designed control system are different.

Table 5.2 Parameters of PI controller.

Design Method K, K T (msec)
Simplified Design 0.41 43.15 87
Direct Design 0.87 54.08 88

5.2.1 Simulation Results

The simulation results in controlling the motor speed of two-inertia system and the
corresponding control signal are shown in figure 5.3 and figure 5.4 respectively. It is seen from
the figure 5.3 that the proposed PI controller can control the speed at 1300 rpm without torsional
resonance, overshoot and steady-state error. It is also seen that the system response speed is quite
similar to the response of the system using PI controller obtained from direct design. This can be
seen from the value of equivalent time constant 7 obtained from the simplified design shown in

the Table 5.2 that its value is close to the one obtained from the direct design. The system
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performances of the simplified designed control system and the direct designed one are also

summarized in Table 5.3. It can be noted that the control signals produced from both controllers

are similar.
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Figure 5.4 Control signal of PI control system in speed control (simulation).



Table 5.3 System performances of PI control system (simulation).

Design Method t (msec) t, (msec) P, (%)
Simplified Design 152 252 0
Direct Design 132 222 0

30

The capability of the PI controller designed from the lower-order plant model and the one

designed from the original two-inertia system are also investigated in this thesis.

By retarding the motor reference speed of the proposed PI control system at the 500 msec

from the speed of 1300 rpm to the speed of 800 rpm, the corresponding responses and control

signals are shown in figure 5.5 and figure 5.6 respectively. From the responses of figure 5.5, the

motor speed of system using the proposed PI controller can reach to the new reference speed at

800 rpm properly and similarly as the control system using the PI controller obtained from the

direct design without error. The control signals of both control system are also decreased from the

voltage at 5 volts to around 3 volts in 250 msec.
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Figure 5.5 Responses of PI control system due to speed retard (simulation).
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Figure 5.6 Control signal of PI control system due to speed retard (simulation).

In order to compare the disturbance rejection capability of the simplified design PI controller
and the direct design PI controller, the motor reference speed at 1300 rpm and the constant load

disturbance entering at 500 msec are considered.
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Figure 5.7 Responses of PI control system due to load disturbance (simulation).
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Figure 5.8 Control signal of PI control system due to load disturbance (simulation).

It is seen from the figure 5.7 that the proposed control system can reject the effect of the load
disturbance and reach to the speed at 1300 rpm without error similarly, while the control signals

are increased to overcome the effects of the load disturbance.

5.2.2 Experimental Results

In this sub-section, the proposed PI controller and the direct designed PI controller are
implemented to control the speed of two-inertia system at 1300 rpm. The corresponding
experimental results are shown in the figure 5.9 and the figure 5.10. It is seen from the figures 5.9
that the simplified design PI controller can control the speed of two-inertia system at 1300 rpm
without torsional resonance, steady-state error and small overshoot. In addition, the response and
the control signal obtained from the simplified control system are quite similar to the response
and the control signal of the system using PI controller obtained from the direct design. In
conclusion, the system performances of both control systems in controlling the speed of two-

inertia system can also be shown in Table 5.4.
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Figure 5.9 Speed responses at 1300 rpm of PI control system (experiment).
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Figure 5.10 Control signal of PI control system in speed control (experiment).
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Table 5.4 System performances of PI control system (experiments).

Design Method t (msec) t, (msec) P, (%)
Simplified Design 176 302 2.3
Direct Design 151 292 3.8

The capability in controlling two-inertia system of the PI controller designed from the lower-
order plant model and the one from the direct design is also investigated in two aspects. The first
investigation is to retard the reference speed of two-inertia system and observe its effect. The
second investigation is to observe the effect when the load disturbance entering to two-inertia
system.

By retarding the reference speed of the motor from 1300 to 800 rpm at 500 msec, the motor
speed of the proposed PI control system can reach to the new reference’ speed at 800 rpm properly
and similarly as the control system using the PI controller obtained from direct design method as
shown in figure 5.11. However, the response of the motor speed controlled by the direct design PI
controller reaches to the new reference speed faster than the response obtained from the
simplified design PI controller. Note that the control signal produced by the direct design PI

controller also reach to 3.5 volts faster than the simplified one.
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Figure 5.11 Responses of PI control system due to speed retard (experiment).
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Figure 5.12 Control signal of PI control system due to speed retard (experiment).

In case of the disturbance rejection capability, the proposed PI control system can reject the
effect of load disturbance entering to the system at 500 msec and reach back to the reference

speed without error similarly to the direct designed PI control system as shown in figure 5.13.
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Figure 5.13 Responses of PI control system due to load disturbance (experiment).
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Figure 5.14 Control signal of PI control system due to load disturbance (experiment).

5.3 I-P Controller in Speed Control of Two-inertia System

Based on the controller design procedure stated in sub-section 4.4.2, the parameters K ,and
K, of the I-P controller including the equivalent time constant 7= of the closed-loop system
obtained by using the simplified design method with y =7andy, =0.5 and the direct design
method with 3 =2.5,7%, =2, 7, =134andy, =324 are the same values as PI controller
parameters. Since the transfer functions from the input R(s) to the output C(s) including the
pre-filter G,,(s) of the either speed control systems are same, therefore, the simulation and
experimental results of the two-inertia system controlled by I-P controllers will be omitted here

and can refer to the results shown in section 5.2.



Chapter 6

Conclusions and Future Works

6.1 Conclusions

This thesis presents the simplified design method for PID-family controller based on CDM
which can be used for designing the PID-family controller with simplicity. The higher order plant
must be reduced to be a lower-order plant model first by ignoring the non-dominant poles. Then a
controller is designed by CDM for the lower-order plant model. Finally, the PID-family controller
designed from the lower-order plant model is employed to control the original higher-order plant.
In order to investigate the control capability of the controller designed by this designing method,
the simplified design of PI controller and I-P controller which are the most popular of PID-family
controller in speed control of DC motor drive will be implemented to control the speed of two-
inertia system.

The effectiveness of the PI controller and I-P controller designed by the simplified design
method for the speed control of two-inertia system has been evaluated in the previous chapter.
The series of simulations and experiments of the simplified design PI controller and I-P controller
in controlling the speed of two-inertia system were performed. Not only the simplicity in
designing but the speed of the response is also similar to the response of the direct designed
control system. Furthermore, the unsatisfied torsional resonance of two-inertia system can be
reduced. In addition, the effect of load disturbance is small and can be rejected rapidly. Hence, it
can be concluded that the proposed simplified design method based on CDM is successful in

designing the PID-family controller.

6.2 Future Works

- The responses of the control system using the controller designed by the CDM method
still have a quite slow speed. But, adding the feed-forward controller might be able to
give more speed of the responses.

- Applying this simplified design method to design the controller for the others higher-
order plant to prove the performance of this designing method.

- Studying of new model order reduction methods that give more performance and

simplicity than the method of ignoring the non-dominant poles.
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Appendix A

Specification of Two-inertia system



A.1 Specification of motor and load
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A.2 Specification of encoder

OomRron.

Incremental Rotary Encoder

E6C2-C

Industrial Strength Encoder Meets
World-Class Standards

m Drip-proof construction

™ Shaft withstands heavy loads, 5 kgf

radially, 3 kgf thrust (axially)
® Short circuit protection

m Space-saving, A-slant cable protrusion

for ease of mounting

Specifications

M RATINGS/CHARACTERISTICS

Electrical

Hem ESC2-CWZ8C EBC2-CWZIE EGC2-CWZ1X E6C2-CWZ5B

Power supply voltage | 5 to 24 VOC (allowable | 510 12 VDC (allowable | 5 VDC5% 12 VDC -10% o 24 VDC
range: 4.75 to 27.6 VDC) | range: 4.75 io 132 VDC) +15%

Current consul 80 mA max. 100 mA max. 160 mA max. 100 mA max.

{See Note 1.) :

Resclution 10, 20, 30, 40, £0, B0, 100. 200, 300, 380, 400, 500, €00, 1.000, 1.200, 1,500, 100, 200, 360, 500, 800.
1,800, 2000 PR 1,000, 2.000 PR

Output phases A. B, and Z (reversible) AXBB.Z2Z A, B, and Z (reversibie)

Output configuration | NPN open collector Voitage output (NPN Lina driver (See Note 2.) | PNP opan collector
output output} cutput

Output capacity Applied voitage: Output resistance: 2 k{3 | AM28LS31 Ignx: 35 mA max.
30 VDC max. (residual voltage: Output currant Residua vaitage:
Isn: 35 mA max. 04V max. High tevel {lp): =20 mA 0.4V max.
Residual voltage: Igink: 20 mA max.) Low level () 20 mA (hgnk: 35 mA max.)
0.4 Vmax. Output voltage:
(s 35 mA max.) Vo: 2.5 V min.

V5 0.5V max.

Max. response 100 kHz 80 kHz

frequency

{See Note 3.)

Phase difference on | 00°+45° between A and B (1/4T£1/8T)

output

Rise and fall fimes of | 1 us max. 1 ps max. 0.1 ys max. 1 pus max.

output (control cutput voltage: 5 V; | {cable jength: 2 m; {cabie length: 2 m; (cable length: 2 m;
load resistance: 1 k(& {sink: 10 mA max.) loz =20 mA; Igra: #0 mA max.)
cable length: 2 m) Ig: 20 mA)

Insulation resistance | 100 MQ min. (at 500 VDC) between carry parts and case

Dielectric strength 500 VAC, 50480 Hz for 1 min between carry parts and case

Note: 1. An inrush ourrent of approx. @ A flows for approx. 0.3 ms right after the E6C2-C is furned on.
2. mmmmdumkmummﬁmmmnmmemw

3. The

transmission over twisted-pair cable, with quality equivalent to AM26LS31.
. lectrical resp subion is & ined by the hution and p freq y as foll
Alaidee lacirioal frequency (rpm) = - o freq yiresoiution x 60
sectrically if its 50 ds the _—

This means that the E6C2-C Rotary Encoder will not op
revoiution.

response
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E6C2-C OMmRON

E6C2-C

W MECHANICAL

liem EGC2-CWZEC | EBC2-CWZIE | EBC2-CWZIX | Eac2-cwz58
Shaft loading Radial 5 kof (40.0 N) 11.0 ibf
Thrust 3 kgf (20.4 N) 6.6 Ibf

Moment of inertia 1D ge cm? (1 x 1075 kg » m?y max.; 3 ge cm? (3 x 107 kg » m*) max. at 600 PR
max. 8.8 x 10°1bfin .85 x 10

Starting forque 100 gf » om (9.8 mN » m) max. (7.2 m ft= ibf)

Max. permissible revolution 9.000 rpm

Vibration resistance 10 to 500 Hz. 150 mis? (15G) or 2-mm double amplitude for 11 min 3 times 2ach in
X. Y. and Z directions

Shock resistance 1,000 m¥'s? (100G) 3 times each in X, Y. and Z directions

Weight Approx. 400 g max. (cable length: 2 m) 0.88 ibs

B ENVIRONMENTAL

ttem EGC2CWZBC | EGC2-CWZIE | ESC2-CWZ1X | EdC2-CW2Z58
Ambient termp Operating ~10°C 1o 70°C (14°F to 158°F) with no icing
Storage -25°C 10 85°C (—13* F fo 185" F) with no icing
Ambient humidity Operating 35% fo 85% (with no condensation)
Degree of profection IEC [P84 (JEM IPB4f drip-procf) (See Note.)

Note: The applicable JEM standard is JEM1030 10€1.

Operation
W OUTPUT CIRCUIT DIAGRAM
EBC2-CWZ6C ESC2-CWZ3E
A N I-m —— _—
!—- r ] :’-:ra?sc'-u.svo‘é |— 1 shi2
! ! iack, wnie, srnge ! ! s y range: 4.75 18 132 VOO)
— signal I o Black, white, orarge
s6caC v {Black: Phase A o> Output signal
| main yansistor White: Phase B; | ESC2C {Black: Phase AT
crcutry Crange: Pnase 2) main Venne: Prase B:
' 30 S| ¥mAmec | oy Grange: Phase 2)
x l . W/VOC max. | e o} : l u;é‘nmm :._.
Lo o g T o \ PP m— e
Dimensions
Unit mm {inch}
M E6C2-C
s
(236
5 © 658
o) @25

: 2-m-ong. PVC code, 5-dia. {18/0.12 dia.) five conductors
and shield (eight conductors for line driver use)
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E6C2-C OMRON E6C2-C
Installation
I CONNECTION
E6C2-CWZ6C/-CWZ3E
Color Terminal
Brown Power supply (+Vec)
Black Qutput phase A
White Output phase B
Orange Qutput phase Z
Blue D V {common}
Note: Receiver: AM28LS32

Connection Examples

M H7CR-CW DIGITAL COUNTER
Applicable Model: ESC2-CWZEC
ESC2-C'WZSC

1T VoC E] -
{108 mA;
1

M CQM1 PROGRAMMABLE CONTROLLER

[ NOTE: DIMENSIONS SHOWN ARE IN MILLIMETERS. To convert millimeters to inches divide by 25.4. |

OMRON.

OMRON ELECTRONICS, INC.
One East Commerce Drive
IL60173

Schaumburg,
1-800-55-OMRON

Cat. Mo. CEDSAX3 1ovee Specifi

OMRON CANADA, INC.
885 Milner Avenue
Ontario M1B 58

Scarborough,
416-286-6465

Printed in U.S.A.




45

A.3 Specification of motor driver

MS-400 seriEs

&5 &R
DIMENSIONS

2 a-235 5 185 {5)

g

ro po
w2 o
S o

185 1457 1 {107
L ¢
v
+
MsS-400J](J04 3 & oskg Ms-4000JJCJ15 % & 1.2g
Ms-g00(]0JJo8  Mass Ms-200(]J(JJ30 ~ Mass
& {#% SPECIFICATION

BAE MODEL MS400T2430 | MS400T4204 | MS400T4208 | MS-400T4315 | MS-400C1204 | MS400C1208 | MS400C1215

MBE—S MATCHING MOTOR SSO0ES-TO | SS40E2-T0 | SSB0EG-TD | SSEOES-TO $5326 SS40E4 SS40E3

~-SSB0E3-TD SS40E2 SS40ES SSE0E3

E—ZMA MOTOR OUTPUT 350w 200~ 120W 250W 350W 14W.20W 40W.B0W B0W,120W
| TE MAIN CIRCUIT FET PWM ST (JERLS) FET PWM control (Non-reversitie)

WARE  SUPPLY VOLTAGE OC 24V20% DC 48V+20% DC 12V+20%

WHRE  OUTPUT VOLTAGE OC O~23V DC D~-47\RIN4EV Power Supply 48V) DC 0~ 11V IN12V Power Supply 12V}
| SRR  RATED CURRENT DC 30A DC4A [ DCBA | DC15A DC4A | OCBA | DC1sA
[ WSWE _ COMMAND VOLTAGE DC O~10V
| MEASHER COMMAND NPUT WPEDANCE 100k

ARWSE  SPEED FEEDBACK 2aVIRL—8 ITVikpm E-SERRE

TACHO-GENERATOR Counter Electromotive Force

WEME  ADJUSTMENT RSy F4 9747 MR VI FRE—b, FTEy b, RE-F. RAMR

STATIC GAIN, PHASE COMPEN, SOFT START, OFFSET,  SPEED, CURRENT LIMT
KM  PROTECTION Rk OVER CURRENT, REET LOW VOLTAGE
S BEMRI OPERATING TEMPERATURE —10~40'C

AR ROYRRONBII TR (R R CORE MAMED EFOECTRFEL,  Content of this catalgue is subject to charge without notice.

(®) BHRATRERRN  T2LO02W IR IESEF 1210 TEL 48110031 FAX(0L95130280
URL  http!/ /www sawsreira.co.p/
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MS-O SERIES

& EFE] CONNECTION DIAGRAM
12V RL—2T7 41— Fi{y 788 2HERET «— Fi{yoH®
Tacho-genetor Feedback Control Counter Electromotive Force Feedback Control
(1) ROFREAMICS S ERETD (1) ROFREABRICS S BRI
Speaed Adjustment with Attached Variable Resistor Speed Adjustment with Attached Variabla Resistor
MS-400%% F8 Terminal Board MS-40088F45 Terminal Board
[psps-[ m+[ m- Jre+|1e|vRijvR2 ]R3 [psips-[me] M- re+Jra|vrifvrz|vrs|
1 l 24 3| 1 l 23 3|
R?c;—-agn 2762 B1OKQ Lm.JRz@]g! B10KO
Motor  Tacho-generator Maotor
(2) ARSI EIC X S R (2) HEEIBRE S SN
Speed Adjustment with Extemal Command Volkage Spead Adjustment with External Command Voltage
MS-40048 F 4R Terminal Board MS-4008 748 Terminal Board
[ps+ ps-[ M+ | - [re+re-[vri vra Jvra| [ps+] P m+ [ M [ro+fre- [vrifjvrz pvrs)
i " * »
Red £—4 Blue 33¥3% 0CO~10V Red =% Blue DCO~10V
Motor Tacho-generator Motor

AR XD VREBOABITFHE AN TVARELEEYED FVDTCTRTFEY,  Content of this catalogue is sbject to change without notice.

@ BHRETREASYE  T213-0002 HRYI R/ G IR MK =F 6-12-10  TEL 044)811-9331  FAX(Di4)833-9250
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Appendix B

Experimental programming code



File Ex_all.c

#include <stdio.h>

#include <conio.h>
#include <math.h>

#include <bios.h>

#include <dos.h>

#defneCH O

#define CH1 1

#define DAADR 0x0300 /* DA ch.11/O adress */
#define da_deta 0.00244141  /* da_deta=10.0/4096.0 */
#define ADR1 0x280 /* Counter ch.1 address */
#define ADR2 0x281 /* Counter ch.2 address */
#define clsQ)  printf("x1B[2]")

#define locate(x,y) printf{("\x 1b[%d;%dH",y+1,x+1)
#define VCT  0xOb  /* Interrupt vector IR3 */
#defineIMR  0x21

#define MASK 0x08 /* Interrupt mask IR3 */

#define NN 2700  /* Number of collected data */

char s[20];
int ij,n,nn;

unsigned int dl,dh,vx1,vx2,dd1,dd2;

double cnt_read(unsigned int);

double T x,xd,r,rd,x1[NN],x2[NNLu[NN],y[2],ee[2],volt,volt1;

double ref,ref0,refl,Reref,sp,spm,Kp Ki,ctrltype, DISTURB,RETARD;
double cntnewl,cntold1,cntl cnt10,cntnew2,cntold2,cnt2,cnt20,CL;
FILE *fp w;

int inter=0;



void interrupt far insub(void)

{
inter=1;
outp(0x20,0x20);
}
void main(void)
{

void (interrupt far *savevect)(void);

/* Initialize Timer with Sampling Frequency = 8Mhz/dd1*dd2 */
dd1=80; dd2=100;

outp(DAADR+14,0x36);

outp(DAADR+8,dd1 & 0x00ff);

outp(DAADR+8,(dd1 >> 8) & 0x00f1f);
outp(DAADR+14,0x74);

outp(DAADR+10,dd2 & 0x00ff);

outp(DAADR+10,(dd2 >> 8) & 0x00ff);
outp(DAADR+6,0x01);

/* Enble and Set Interrupt */
savevect=_dos_getvect(VCT);
_dos_setvect(VCT,insub);
outp((IMR),inp(IMR) &~ MASK);,

/* Initial Variables */
sp=dd1*dd2/8e6;
spm=sp*1000;
volt1=0.0;

n=0.0;

ctritype=1.0;
nn=NN;
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y[1]=0.0; y[2]=0.0;
ee[1]=0.0; ee[2]=0.0;

volt=0.0; voltl-0.0;

RETARD=0.0; DISTURB=0.0;

ref0=0.0; refl=2.5;

r=0.0; rd=0.0; x=0.0; xd=0.0;

/* Initialize DA */

/*outp(DAADR+2,CH*4+0);

outp(DAADR-+0,0x00);

outp(DAADR+1,0x00);

outp(DAADR+2,CH*4+2);

outp(DAADR+0,0x00); */

printf("\n

printf("\n

printf("\n
ctritype=atof(s);

Reference Speed (maximum 2.5 (x1000rpm)) ="); gets(s); refl=atof(s);
Time (max 2700 msec ) ="); gets(s); nn=atof{s);

Which controller do you want? ( 1:PI 2:I-P)="); gets(s);

printf("n  Kp="); gets(s); Kp=atof(s);

printf("\n  Ki ="); gets(s); Ki=atof(s);

printf("\n  Time to Load Disturb (msec) = "); gets(s); DISTURB-=atof(s);

printf™n  Time to Speed Retard (max 2700 msec) ="); gets(s); RETARD=atof(s);
if(RETARD>100)

{

printf("™n  New Reference speed (max 2.5 (x1000rpm)) = "); gets(s); Reref=at6f(s); .
}

printf("That's OK");

/* Initialize Counter */

outp(ADR1+4,0x8¢);

outp(ADR2+4,0x8c);

cntold2=cnt_read(ADR1);



cntold1=cnt_read(ADR2);

/*******************#**** MAIN ROUTINE skkrkkkkkkkkRkrkkkkkkkik/

while(n<nn)

{

if(kbhit() 1=0) break;

ifln<1000) ref=refl;  /* Step time at 100th sampling */

if{n>=7000) ref=ref0;

ifln>=RETARD) ref=Reref;

if(inter==1)

{
r=ref;
cntnew2=cnt_read(ADR1);
cnt2=cntnew2-cntold2;
cntold2=cntnew2;
cntnewl=cnt_read(ADR2);
cntl=cntnew1-cntold1;

cntoldl=cntnew];

y[1]=-0.015*¢cnt1; /* unit in x1000 rpm */
y[2]=0.015*cnt2; /* unit in x1000 rpm */

x1{n]=y[1};
x2[nl=y[2];

T=0.001; /*Sampling Time*/

if (ctrltype=1)

{

x=(Ki*T*r+Kp*xd)/(Kp+Ki*T); /*Pre-filter = Ki/Kps+Ki*/
ee[2]=(x-y[1D);

volt=Kp*(ee[2]-ee[1])+Ki*T*ee[2]+volt1; /* PI Controller */
}
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if (ctritype==2)

{

X=T; /*Pre-filter=1 */

ee[2)=(x-y[1]);

volt=Ki*T*ee[2]-Kp*(x1[n]-x1[n-1])}+voltl; /* I-P Controller */
}

// for load disturbance
if (n==DISTURB)

{
outp(DAADR+2,CH1*4+1);
outp(DAADR+0,0x1F);
outp(DAADR+1,0x1F);
outp(DAADR+2,CH1*4+3);
outp(DAADR+0,0x1F);

if(volt>10) volt=10;
if(volt<0) volt=0;
u[n]=volt;
vxl=voltl/da_deta;
dl=vx18&0xfT;
dh=(vx1>>8)&0x0f;
outp(DAADR+2,CH*4+1);
outp(DAADR+0,dI);
outp(DAADR+1,dh);
outp(DAADR+2,CH*4+3);
outp(DAADR+0,0x00);

ee[1]=ece[2];

voltl=volt;
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xd=x;
rd=r;
inter=0;

n++;

/* DISABLE AND RESET INTERRUPT */
outp((IMR),inp(IMR) | MASK);
_dos_setvect(VCT,savevect);

outp(DAADR+6,0x00);

/* OUTO0V.TO DA CH.1%/
outp(DAADR+2,CH*4+1);
outp(DAADR+0,0x00);
outp(DAADR+1,0x00);
outp(DAADR+2,CH*4+3);
outp(DAADR+0,0x00);
outp(DAADR+2,CH1*4+1);
outp(DAADR+0,0x00);
outp(DAADR+1,0x00);
outp(DAADR+2,CH1*4+3);
outp(DAADR+0,0x00);

/* WRITE DATA TO FILE */
fp_w=fopen("ex_all.dat","w");

n=0;

while(n<nn){ fprintf{fp_w,"%f %f\n"x1[n],uln]);
ot}

fclose(fp_w);
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double cnt_read(unsigned int adr)
{
double cnt;
unsigned char Ibyt, mbyt, hbyt;
outp(adr + 2, 0x10);
while((inp(adr + 2) & 0x08) ==0) ;
Ibyt = inp(adr + 0) ;
mbyt = inp(adr + 0) ;
hbyt = inp(adr + 0) ;
cnt. = (double)hbyt*65536.0+(double)mbyt*256.0+(double)lbyt ;

return{cnt);
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Simplified PI Controller for Two-Inertia System
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Abstract- In this paper, a simplilied designing method of a PI
controller for a higher-order plant by using the concept of plant
model reduction and the CoefTicient Diagram Method with the
less number of stability index y, is presented. By ignoring the
non-dominant poles of the higher-order plant model, a lower-
order plant madel is first obtained. Then, the Pl controller will be
designed for comtrolling the lower-order piant model by using
Coefficient Diagram Method with the appropriate values of
stability index in order to achieve the system response without
overshoot. Finally, the designed Pl confroiler will be employed to
control the original higher-order plant. The proposed controller
is implemented to control a two-inertia system. The experimental
resalts show that the Pl controfler designed from the lower-order
plant model is sufficient for controlling the original higher-order
plant with acceptable performance.

I. INTRODUCTION

Since several decades ago, most of industrial processes have
employed PID-family controllers due to their simplicity and
sufficiency in process control applications. Ttis reported lately
that more than 90% of the industrial controllers used nowadays
are PI controllers. However, the parameters of the controller
have to be tuned for acceptable responses. The Ziegler-
Nichols® tuning formula [1] is the most popular method which
is designed to have quarterly decayed overshoot characteristic
in the step response but the fine tuning is needed for the
practical use to reduce the overshoot in the closed-loop
response.

Tn 1998, a new designing method called Coefficient Diagram
Method (CDM) [2] has been proposed. The CDM is an
algebraic design algorithm utilizing polynomial form structure.
In CDM, the closed-loop characteristic polynomial is designed
based on stability index and equivalent time constant, which
are used to determine stability and speed of the closed-loop
response. Hence, the unknown parameters of the controllers
resulting for over-damped response can be obtained
accordingly [3-4]. However, it is quite time consuming in
designing the parameters of a controller especially for a higher-
order plant.

Tn this paper, the simplified design of a PT controller for
higher-order plant using CDM with less number of stability
indexes 7, is presented. By ignoring the non-dominant pole,
the higher-order plant model is reduced to be a lower-order
plant model. After that, the CDM is used to design the PT
controller for controlling the lower-order plant model. Finally,
the PI controller designed for the lower-order plant model is
employed for controlling the original higher-order plant. In
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order to check the control capability of this designing method,
the simplified PT controller is implemented to control the speed
of the two-inertia system.

1. CDM AND PROPOSED CONTROL SYSTEM

The concept of CDM and the rearranged CDM control
system structure are described respectively in this section.

A CDM Concept

CDM Congolkr
(3 oo et e ]

R

Figure 1. CDM control system structure.

The transfer function of the plant in the polynomial form for
each blockis

A’(.\')=p,a"+p‘ W Py (1a)
By =4 1™ e 1,445 (1b)
and the controller polynomials are
A Y=L+ o+, (2a)
B.() =k st + ky v+t Ky, (2b)
B, (5)=ks» (2c)

where 4 < k and m < k. Hence, the characteristic polynomial of
the closed-loop system shown in Fig. 1 can be given as

P(s) = A.(5)4, () + B,(5)B,(5)

»

7 | "

= Za,\ .
-0

Note that it still has unknown controller’s parameters to be
solved. Based on CDM concept, the performance specification
known as stability index 7 and the equivalent time constant =
are defined by

3)

y, =i, @)
a,,4;,
r=2 (&)
Gy
. . N P (6
N 7' , y‘. , ) o sin
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where i =1,..., n—~1. The equivalent time constant r is
generally selected according to the specified settling time ¢, as
(,=2.57and the standard stability index is recommended to be

Y === =2 =25 U]
From (4) to (6), the coefficient ; can be written by
®

i I - i" 1
G I:'I(r.. )

¥

Consequently, the characteristic polynomial to be employed
to design the parameters of a controller is

P(s) = a, H‘i-; [l:":[i %',_I)(.—.c)'}+ s+ 1]. ©

Hence, the parameters of the controller can be obtained by
equating the characteristic polynomial in (3) to (9) with the
known stability index y,and/or the equivalent time constant 7
when the mathematical model of the plant is known.

B. Control Systems Structure
For simplicity in design, the original CDM control system
structare in Fig. 1 is rearranged to be a rearranged CDM
control system structure as shown in Fig. 2.
Disturbance
D)
p

Figure 2. Rearranged CDM control system structure.

The wansfer function of controller G, (s) and the pre-filter
G,/ (s) of the rearranged control system shown in Fig. 2 are

B.(s)

G.(s) = 0
(5) Als) (10)
and
B_ (s)
7o ls) = ——. 11
G, (s) B.65) an

III. TWO-INERTIA SYSTEM

The structure of two-inertia system [5] and its block diagram
are shown in Fig. 3 and Fig. 4.

Figure 3. Two-inertia system.
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Fignre 4. Block diagram of the two-inertia system.

By ignoring the viscous friction of the motor f, and ;. the
transfer function of the two-inertia system will be

(12)

¥ 82
Gn("')=w.( )= 3 "f‘ ‘:v
E(s) hs'1bs’ 1bs 1By h
whetet, 1= e, = KeloC AL KK,
LJ J-JLL‘
_KR(.-T) ,k=K.K.K. o ke ,_ KK
J.J‘L' ’ .’.JI.L. e e

B %A JULL

“mTa m L™

and its parameters are shown in the Table I.

TABLE}

PARAMETER VALUSS OF TWO-INERTIA SYSTIM
R, | Armarure resistance 0250
L, Armature inductance 0.10 mH
K. Back clectromative force constant | 3.85 v/4rpm
K. | Motor torgne constant 33N-cm/A
Ja Moment of motor inertia 08 kg— o’
g Moment ofload inertia 0.9kg = co*
K. Torsional stiffness of drive shaft 15N-m/rad

TV. CONTROLLER DESIGN

In this section, plant model order reduction, PI controller
structure and the controller designing procedure will be
described respectively.

A. Plant Model Order Rechuction
Consider the k-order plant with the transfer function given as

K s S+z
B'(")=.—]'-'-'[(‘ ,)'k>m
A(5) L o e
0 [+

-}

G (s) = (13)

Without loss of generality, assuming that the plant contains the
non-dominant poles -p; fori=/,2,....1. By ignorine the non-
dominant poles, the n-order plant model can then be reduced to
a lower-order plant model and its transfer function is
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Fle
G (s) = 1'1( (R X k-tzm (19
P\ F * 4 » .
Jles+pry I1~
+=1-1 =1
B. PI Contrvller Structire

The controller (11) in this paper is the conventional PI
controller and its wransfer function is

1
G()=K,[1+—1,
=10

where K, and 7, are the proportional gain and the integral time,
respectively. The other form of (15) can also be rewritten as

(15)

e = B _ K,s-K,
G.() TR (16)

where thie.gain. K, and X, of (16) can be assigned from the
controller désign procedure stated in the next sub~section,

C Cantrollir Design Procesbure
The designing steps for the PT controller are as follows:.
(1) Find die closed-loop - characteristic polynomial of the
" control-system with the lower-order plant model {14)
and the PT controller (16).
(2) Choosing the appropriate valties of the stability index y,
:andlar the equivalent time. consmant r:to ‘find "the

charicteristic polynomial ‘such that the..over-damped

réspofise of the closed-loop system with lower-order
plant:model inchuding G, (s) is obtained, where:B, (s} is

thecoefficient of s° of B.(¥).

(3) Find the parameters of the controller by. equating the
characteristic polynomial obtained in step (2)- with' the
characteristic polynomial obtained in step (1).

(4) Applying the PT controlier obtained in step.(3) o control
the original plant.

V. EXPERIMENTAL RESULTS

The -experimental results of the speed control of tie: two-
inertia system using the PT controller obtained from simplified
design based on CDM approach will be shown in this section,
From the transfer function of the two-inertia system in (12) and
the values in: ‘Table 1, the transfer function fromaippait volgage
to the motor speed is given by

3Ix10° 1 6.67x107
+25xlo‘€+157xw’s +8.85x10°s+2.57%10"

Tt is the fourth-order system and its open-loop poles are located
ats=-39.6, -2436.8, -11.8+j50.2, -11.8-j502. The opeti-loop
response of the two-inertia system when applying -the input
voltage at S volt is shown in Fig. 5. Tt is seen that there is an
unsatisfied torsional resonance and must be reduced as much
a3 possible by usinga controller.

G ()=
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[ &) £
oty e
Figare 5. Open-loop siep response of two-inertia syssem.

Since the poles at.s=-39,6;-2436.8are the non-dominant
poles,(hesystem is reduced to'be a secopd-order model by
1gnormg them. Thus, its transfer function can be expressed as

3x10%F +6.67x10
9.65x10%% 1 228%10°51 2.57x10°

Based on the controller design procedure stated-previously, the
parameters K, and. K, of ‘the ‘PT' controller:.including the
-equivalent time constant:r of the closéd-loop system ‘obtainéd
by using the lower-order ,plant model. witly 7 =7and7;'=0.5-
are: shown: in:the Table TI::Note that .ifie’ gamma. valties - are
chosén: to. give the. pasitive -values' of* K, and K, 6f . the PI
controller. when the simplified: design-method is employed. Far.
comparisory, the parametérs of TT confroller and the equivalent
-time: constant ¢ obtained from the original plant model .with-
7 w28, v, =2y, =134 md : y, =324 can-also be shown in'the.
Table I1.

('r(:”

.TABLE IT.
PAI}\MI'TPRS OF P CONTROLLERS
1. . ) . N
prant Type - K’ P K fmsec,
Original mode} 0.87° | 54.08 87
Reduced model 04l | 4315 88

The PI controller designed from the lower-order plant model
is used to control the speed of the ‘two-inertia system at the
speed of 1300 rpm.  The proposed’ control system obtained
from s:mphﬁed design method will be compared lo tlie other
one using the PT controller obiained by direct design in oeder to'
show the effectiveness of the propbsed design method. The
results’ will beshown in: twor aspects.  The first aspect is-the
system performance and the second aspect is dncapablhty of
the simplified design M controller.

A. System Performances

The experimental results in controlling the ‘motor speed of
the two-inertia. system are shown in Fig. 6. It.is seen that the
proposed PI controller can control the speed at 1300 pm
without torsional resonance, overshoot and steady-state ervor.
Tt is also seen that the system response speed quite similar to
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the tesponse of the system using PT controller obtained from
direct design. This can be seen from the vahie of equivalent
time constant 7 obtained from the simplified design shown in
the Table IT that its value is close to the one obtained from the
direct design. The system. performances of both control
sysiems are also summarized in Table ITT.

100000, o P - i

Figure 6. Step responses of comrol systems at (300 rpm.

TABLE 11t
R SYSTEM PERIORMANCI AT 1250 RiMt. :
) MhMéhm & (msez) | timsees | Pue2%)
" Direct: W | ™ 3% |
T Simplified 176 302 23

B. Capability o the Simplified Design PI Controlier

The capability of the P controller designed from the lower-
order plant model .is investigated by retarding the motor
reference speed of the control systenr at 500 msec from 1300
pm to 800 rpm: ‘ts responses is shown in Fig. 7. From the
responses, the motor speed of system using proposed controller
can reach to 800 rpm properly and similarly as the control
system nsing the PT controller obtained from direct design.

) Deroct Desigs
Figure 7. Responses due to speed retard to RO0 tpm.
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In order to compare the disturbance rejection capability of
the simplified design PI controller and the direct design PI
controller, the motor reference speed at 1300 rpm and the
constant load disturbance entering at 500 msec are considered.
Tt is seen from the Fig. 8 that the proposed control system can
reject the effect of the load disrurbance and reach to the speed
at 1300 rpm without error similarly.

B, : 2

“Figure 8. Resy

\'A CbNCLlJS!()NS

The. simplified design of a PT ontroller for a higher-order
plant’ by using the CDM concept has been proposed in.this
paper. - The proposed controller is implemented to control the-
speed of the two-inertia system. Not only the simplicity in
designing but the speed of the response can still be improved-to
meet the desired system performance as well. In addition, the
unsatisfiéd” torsional resonance. can also be reduced. The
effectiveness of this designing method has been confirmed by
the experimental results.
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