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Abstract

Non-minimum phase systems are difficult to control
with conventional methods because of their inherent
characteristics of undershoot. The complexity in
control of such systems increases when time delay is
added. These systems will exhibit undershoot in
time-response and oscillations in the high frequency
region in magnitude frequency response. This paper
focuses on design of PID controller for non-
minimum phase time-delay systems under the
disturbance and noise conditions. The PID
controllers for these systems are designed by using
Magnitude-Optimum Multiple Integration and
numerical optimization methods. Mathematical
analysis is developed using numerical optimization
technique for non-minimum phase time delay
systems. By using these methods the PID controllers
are obtained mathematically. The effectiveness of
PID controllers resulted using these methods
compared in MATLAB environment by considering
NMP time-delay systems.

Keywords: Magnitude optimum and multiple
integration  method, Numerical optimization
approach, Non minimum phse systems, Controllr
parameters.

Introduction

There have been great amount of research work on
the tuning of PID controllers. In this paper, two
approaches are given for the controller design of
non-minimum phase systems. PID controllers have
been used for a long time. Taylor developed the first
PID controller [12]. But the problem is occurred
how to tune a PID controller. At that time Ziegler
and Nichols discover the famous Ziegler and
Nichols tuning rules. These rules are still widely
used. This is why so many different tuning rules
have been developed which are based on the same
tuning procedure. In this paper discussed about the
controller design of the non-minimum phase
systems by using magnitude optimum and multiple
integration and numerical optimization approach.

In this paper the procedural steps for design of a
controller for Non-minimum phase time-delay
systems using MOMI are discussed in section 1I.
Design of controllers using Numerical optimization
is discussed in section I11. To validate these concepts
simulation results are presented in section VI.

MAGNITUDE OPTIMUM AND MULTIPLE
INTEGRATION METHOD.
Consider a stable process control system
described using equation (1)
2 m
. 1+bs+hb,s 2+....+bms e (1)
l+as+a;s +..+as"
Using the taylor series expansion the time delay can
be defined using (2).

(STdeI )2 _ (STdeI )3 +... (2)
2! 3!
The PID controller (G, = feedback controller) is
defined using equation (3)
Go(5) = K,s+K; +K,s?
s(s+T,)
The closed-loop transfer function ‘ G, ’of an unity

feedback control system shown in Fig.(1). is defined
using (4).
_Y(s)  G(5)G,(s)

¢ R(S) 1+G(s)G,(s)
4)

R) o)

SO = D) >

G.(s)=K

—STger
e =1-sT,, +

®)

Fig.(1). Unity feedback control system

(i) Magnitude Optimum (Mo) Criteria:

The objectives of a controller design for
any system is to ensure the system output to follow
the reference signal. The main idea behind this
magnitude-optimum method is to maintain the
closed-loop magnitude frequency response G

from reference to process output as flat, and as close
to unity as possible over a large band width [1].
Here, the objective is to find a PID controller that
makes the frequency response of the closed-loop
amplitude as possible to unity over wide range of
frequencies in the low frequency region. These
requirements can be expressed mathematically as
given in equations (5) and (6).
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d* |GCL(jw) |2

T =0towards
[

GCL(O) =1 (5)
w=0:k=12,......... k (6)

This technique is called "Magnintude Optimum",
"Modulus Optimum" ,"Betrags Optimum". The
advantage of this method is to make closed-loop step
response non oscillatory and response time is very
fast [11]-[13]. Let the closed-loop transfer function
is described using (7).

_f+ fis+ fsf 4 f8° 4 @
e testes tesit.
To make the closed-loop frequency response
magnitude unity over a wide frequency range and
also to obey derivatives of closed-loop system G
as defined in equation (6) results in a recursive
equation (8)

2n
2D Ty 8" — ey f7) =05 n=1,2.3. (8)
i=0

CL

The PID controller parameters K,,K;, K,

are obtained by solving solving first three
expressions  resulted from equation(8) by
substituting n=1,2,3. Solving the three equations, it
is observe that K KK, are functions of

Kpr.al’aZ’afs"aA'aS’b.lY """" bS'TdeIayYTf '

Observations of Magnitude Optimum Method::
1.The PID controller parameter solution involves
complicated expressions and they would cover
several papers.

2.To calculate PID controller parameters only a, to

a;,btob,. T, K, needed even though process

transfer function can be of higher order.

3.If process transfer function is not available
estimating these parameters may be difficult.
4.Some times assumption of dynamic model in the
required format for higher order system may lead to
model uncertainty or modelling error. In such cases
accurate model for a system may not possible.

(if) Magnitude Optimum Multiple Integration
Method ::

These difficulties in obtaining PID

controller parameters can be avoided by using the
concept of movements from identification theory
using Magnitude optimum Multiple Integration
method(MOMI).
According to MOMI tuning method the plant
defined using equation (1) can be approximated
using equation (9) Where A (i=0,1,2,.....) represents
time-weighted integrals of the process impulse
response. The coefficients A ’s can be obtained by
measurement of areas which are calculated from
process open-loop step response. These areas A ’s
can be obtained by integrating the process input U(t)
and process output Y(t) after applying during the
change of process steady-state.

Go(s)=A —As+AS —AS*+.......,
(9)

where 4 -«

A =Y (0) =Ko (@ —b, +Ty,)

T2
A, =Y,(x) =Ky [bz - _TderJ.Jr%j| +Aa

Talb T
Ay = Y5(0) = Ko [ 83— +Tgq oy + AT A~ Aa,
2
braa*TuelbaJr%*
A, =Y, (o) = Ko e T + AR - Aa, + Al
Taer®r | Teer
3! 41

12
a5 —bs +Tge Dy — dezlb3

= Y5 () = K
A =05 () = Ko {sz.b?_m.mi.

+

+Ae - Al T Aa; - Al

3! 41 5!

To simplify the computation of PID

controller parameters the derivative filter coefficient

is considered be a part of process and considered as
G, (s).

_G06

14T,

To include the derivative filter coefficients to be a
part of G, recalculate A, A" A ........

A=A

A =A+AT,

A=A+ AT +AT?

A;z A+ AT, +A1Tf2+A)Tf3

A=A +AT +AT >+ AT +AT,*

A =A+AT, +AT +AT + AT + AT’

G, (s) (10)

. K +K s+ dez)

¢ s

(11)
Obtain the coefficients e, e,e,......f,, f
by substituting G.* as given in equation (11) and
G.(s) as given in equation (9).Solve the first three

equations of equation (8) and the PID controller
parameters K ,K;,K, can be obtained using (12).

K1 [(-A A 0 " [-05
Ki=ll-A A “A-TA x| 0
Kq A A SA-TOIA-TEA 0
(12)

Numerical Optimization Method

Numerical optimization presents a comprehensive
and up to date description of the most effective
methods in optimization of continuous-time
systems. Design the PID controller for a non-
minimum phase time-delay system using numerical
optimization method. Here, the optimization
problem is formulated based on the maximization of
the shortest distance between the critical point to
Nyquist curve of open-loop transfer function[14].
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The distance between critical point to the Nyquist
curve is mathematically defined in equation (13).
The controller parameters Kp,Ki,Kd are identified
such that the distance from the critical point to the
Nyquist curve is maximized. This maximization
helpful to achieve the good stability margins |,
robustness to model uncertainties and also help to
reject the disturbances i.e., this maximization
minimizes the sensitivity.
1+ L(s) (13)
The procedural steps for computation of PID
controller parameters using this numerical
optimization is enumerated as follows.
(i) The open loop transfer function of nonminimum
phase time-delay system with standard PID
controller is
2 —tos

L) = k@+k,T;s +2deis )A-P,s)e WithT =Tk

Ts(s"+as+a,)
(i) Formulate the characteristic equation of
nonminimum phase time-delay system by assuming

the  approximation to the time delay as

s _ 1 .

(d+t,9)
54+Sa(1+a1to_kkdpo)+sz(ai+aot0+kkd —kka0)+
t t,

kk T, —kP, + &, k
s(Zpli T Moty K

( Tt )+.|_ito p(s)
(14)

(iii) The characteristic equation is of the form
0(5) = (s +a)?(s* + 2w,s + ) i.e.
p(s)=s" +5°(2¢w, + 28) + s* (@ + 4alw, +a%)
+s(2wla +2a’éw,) + a*w} (15)
(iv) Comparing the equations (14) and (15)
A 1 o+ 1 KksRy _a
2%, 2, O

_(2(aé + my)amt,) + a’w, Pty — a,
P k
) = dety

' k
1+at, — 28apt, — 2at,

kR,

(v) The closed-loop stability impose constraint on
‘a’ie., a>0

k

k, =

To obey this condition L(la1 +i Kk B —49)>
Em, 2 1 2t, 2t
The above inequality is satisfied for
1 _kkyR
_(_ — )=
Saw, 2 2t 2t,
(vi) With b > 1. One can choose the settling time
with desired damping & =&, for a specific non-

minimum phase time delay system.

A
L)
b2 2 2
1. 1 KR
a=-a +—-— -
At Ty

(vii) Obtain the PID controller parameters using the
following formulae.
_ (2(ag, + mp)aayt,) + azwoz Poto — 8

K, ”
k= ‘ot
k
K= 1+at, —2& wpt, — 2at,
=

kR

Therefore, the optimization problem can be defined
as
Determine Kp,Ki,Kd such that

minimize the distance between the Nyquist curve
* | of openloop transfer unction from the critical point

K@+K,Ts+k,Ts*) (L Ps)e ™
Ts(s® +as+a,)
Subjected to equality constrains

Where L(s)=

11 1 kk,PR,

), =—\(— + —
&b (2 % 2t, 2t )
1 1 _kky Ry
== —— =0
al 2t 2t0 fm 0
K = (2(ag, + @p)amgt,) +a°o Pty —
P k
K = a’wlt,
' k
K= 1+at, —2& wpt, — 2at,
d kPO
EXAMPLES.

To show the effectiveness of these optimum based
PID controller design methods , non-minimum
phase time-delay systems are considered for
simulation in MATLAB environment.

Example 1:

Consider the second-order non-minimum phase
time delay system described using a transfer
function G, (s) .

@-S)*
() s2+25+1
Case (a) magnitude optimum and multiple
integration method:

The detailed step-by step computation
procedure to obtain PID controller parameters using
magnitude optimum multiple integration method is
given as below. From the given problem, A0 to A5
coefficients are obtained and the derivative filter
coefficient is chosen as 0.01.
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Ky =L T =1,
A =1 A =4,A, =18.5000, A, = 64.3333,
A, =115.3750, A, =166.4167.

T, =0.01

Using the equation (12) the PID controller

parameters values are obtained as
K; =0.2363,K, =0.4454,K, =0.1975

Case(b): Numerical optimization method:

Using the expressions derived using numerical
optimization technique for this non-minimum phase
time delay system , the PID controller parameters
are:

a,=La =2,p,=Lt, =L k=Lw,=13b=14;£ =0.75
a=0.3900;K , =0.4454;K; =0.2363; K, = 0.1975

Using these methods MOMI and NA, the controllers
are  designed. To show the effectiveness of these
controllers simulations are performed in the
MATLAB environment. It is observed from this
simulation that these PID controllers are effectively
rejecting the disturbances and noise entering into the
system. From the magnitude sensitivity frequency
response shown in Fig.(4)., it is observed that both
controllers are effectively rejecting the disturbance.
From the time-domain simulation shown in Fig.(2).,
it is observed that when a step disturbance signal of
magnitude 1 applied at 60 seconds at the process
input these controllers are effectively regulating the
system. Fig.(3). Shows the time response of G,(s)

under noise conditions. From the magnitude
complementary sensitivities graphs, it is observed ,
these PID controllers can effectively attenuate noise
entering into the system. It shown effectively using
the time domain simulation by injecting a high
frequency noise signal at the output sensor. The
Performance requirement on Complimentary
Sensitivity function for Gi(s) ishown in Fig.(5).

Step Response Comparison (1-s)*exp(-s)/(sz+25+1)
2

1.5
1
>
0.5
—_— MOMI
—— NU OPT
o
05 20 40 60 80 100

Time response

Fig.(2). Time response of G, (s) with MOMI and
NA Controllers
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Step Response Comparison (1-s)exp(-s)/(s>+2s+1) With Noise
1.4

1.2 Y
1Mm
0.8

06 I
> l [—wmomi
|
[

0.4
|—nNAoOPT

0.2

0

-0.2[-¥

-04
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Time response

Fig.(3). Time response of G,(s) under noise

conditions
Bode Diagram
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Frequency (rad/s)

Fig.(4). Performance requirement on Sensitivity
function for Ga(s)

Bode Diagram
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Fig.(5). Performance requirement on
Complimentary Sensitivity function for Gi(s)

Example 2:

Consider the second-order non-minimum phase
time delay system described using a transfer
function G, (s) .

1.5(-0.2s +1)e %

s +2s+1
Case (a) : magnitude optimum and multiple
integration method:

The detailed step-by step computation
procedure to obtain PID controller parameters using
magnitude optimum multiple integration method is
given as below. From the given problem, A0 to A5
coefficients are obtained and the derivative filter
coefficient is chosen as 0.01.

Gz (S) =

3103 Copyright © 2018 Helix ISSN 2319 — 5592 (Online)



Helix Vol. 8(2): 3100-3106

K, =15T,, =0.2,
A =15,A =3.6,A, =5.75A =80
A, =10.19, A =12.4

T, =0.01

Using the equation (12) the PID controller

parameters values are obtained as
K; =0.8081, K =1.6060,K, =0.7894

Case(b): Numerical optimization method:

Using the expressions derived using numerical
optimization technique for this non-minimum phase
time delay system the PID controller parameters are:
a,=La =2;p,=02t, =02,k =15

@, =0.9;b=4.6;£=0.75a=2.2325

K, =0.8203;K; =0.5383,K, = 0.7900

Using these methods MOMI and NA, the controllers
are designed. To show the effectiveness of these
controllers simulations are performed in the
MATLAB environment. It is observed from this
simulation that these PID controllers are effectively
rejecting the disturbances and noise entering into the
system. From the magnitude sensitivity frequency
response shown in Fig.(8)., it is observed that both
controllers are effectively rejecting the disturbance.
From the time-domain simulation shown in Fig.(6).,
it is observed that when a step disturbance signal of
magnitude 1 applied at 60 seconds at the process
input these controllers are effectively regulating the
system. Fig.(7). Shows the time response of G, (s)

under noise conditions.From the magnitude
complementary sensitivities graphs, it is observed ,
these PID controllers can effectively attenuate noise
entering into the system. It shown effectively using
the time domain simulation by injecting a high
frequency noise signal at the output sensor. The
Performance requirement on Complimentary
Sensitivity function for Ga(s) ishown in Fig.(9).

Step Response Comparison1.5(1-0.Zs)exp(-O.Zs)/(sz+Zs+1)

15
1
»05 — oM
—NAOPT
0
05
0 10 2 3 4o 50 6 M @ W 1.0

Time response
Fig.(6). Time response of G, (s) with MOMI and

NA Controllers

Step Response Comparison of 1.5(1-0.Zs)exp(-O.Zs)/(sz+25+l) With Noise
1.4

1.2

0.8 ’

0.6

> 04

0.2 ‘—MOMI

0 [—NAaoPT I
-0.2 l
-0.4ft

_0'60 10 20 30 40 50 60 70 80 90 100

Time response

Fig.(7). Time response of G,(s) under noise

conditions
Bode Diagram
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10° 10" 10° 10" 107 10°

Frequency (rad/s)
Fig.(8). Performance requirement on Sensitivity
function for Ga(s)
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Fig.(9). Performance requirement on
Complimentary Sensitivity function for G(s)

Example 3:

Consider the second-order non-minimum phase
time delay system described using a transfer
function G, (s) .

@-s)e®

s +3s+2

Case (a): magnitude optimum and multiple
integration method:

The detailed step-by step computation procedure to
obtain PID controller parameters using MOMI
method is given as below for this system. From the
given problem, AO to A5 coefficients are obtained
and the derivative filter coefficient is chosen as 0.01.

G3(S) =
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Ky =1Tp =1
A =1 A =5,A, =15.5000, A, = 41.1667
A, =108.1250, A, = 283.2583

T, =0.01

Using the equation (12) the PID controller

parameters values are obtained as
K; =0.2530,K, =0.6651, K, = 0.1430

Case(b): Numerical optimization method:

Using the expressions derived using numerical
optimization technique for this non-minimum phase
time delay system the PID controller parameters are:
a, =24 =3p,=Lt, =Lk =1

@, =0.5b=45;£ =0.75;a =1.3125

K, =0.8702;K; =0.5347;K, =0.3250

Using these methods MOMI and NA, the controllers
are designed. To show the effectiveness of these
controllers simulations are performed in the
MATLAB environment. It is observed from this
simulation that these PID controllers are effectively
rejecting the disturbances and noise entering into the
system. From the magnitude sensitivity frequency
response shown in Fig.(12)., it is observed that both
controllers are effectively rejecting the disturbance.
From the time-domain simulation shown in
Fig.(10)., it is observed that when a step disturbance
signal of magnitude 0.5 applied at 60 seconds at the
process input these controllers are effectively
regulating the system. Fig.(11). Shows the time
response of G,(s) under noise conditions. From the

magnitude complementary sensitivities graphs, it is
observed , these PID controllers can effectively
attenuate noise entering into the system. It shown
effectively using the time domain simulation by
injecting a high frequency noise signal at the output
sensor. The Performance requirement on
Complimentary Sensitivity function  for Gs(s)
ishown in Fig.(13).

Step Response Comparison(l-s)exp(-s)/(s?+3s+2)

1.6
14 ’f\‘\
1.2
o
: / el }
0.8 / ;
|
> 0.6 i
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0.2
o
-0.2 '
-0.4
o 20 40 60 80 10C

Time response

Fig.(10). Time response of G,(s) with MOMI and
NA Controllers

Step Response Comparison (1-s; exp(-s)/(52+3s+2)
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Fig.(11). Time response of G,(s) under noise
conditions

Bode Diagram
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Fig.(12). Performance requirement on Sensitivity

function for Gs(s)

Bode Diagram

10

4]

o

Magnitude (dB)
[9))

\\ \LA M)

10 \. \ /
Nt
\ /’\\, V
-15 / VvV A
| ERRE
I REE
20 L
10° 10" 10° 10" 107

Frequency (rad/s)

Fig.(13). Performance requirement on
Complimentary Sensitivity function for Gs(s)

Conclusion

In this paper mathematical analysis is developed
using numerical optimization technique for non-
minimum phase time delay systems. The PID
controllers are designed for Non-minimum phase
time-delay systems using the magnitude optimum
multiple integration. These both methods are
effectively rejecting disturbances. The effectiveness
of these controllers in rejecting disturbances are
shown in time-domain and also in frequency domain
in the MATLAB environment. It is observed from
these simulation results that MOMI method is more
accurate compared to Numerical optimization.
Magnitude sensitivity frequency responses using
these controllers are shown for these systems. It is
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observed that these controllers are capable to reject
disturbances and also attenuate the noice effectively.
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