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ABSTRACT

In this paper, a proposed PID tuning rules for general known or unknown plant models
are presented. The design procedure used to obtain the tuning rules has been previously
used in literature to obtain tuning rules, but for dedicated plant models. Our contribution
in this article is that the proposed tuning rules are applicable for general plant models.
These rules are designed to be robust for plant gain variations. The design procedure is
based on some specification or constraints of frequency response, namely phase margin,
gain crossover and robustness condition. The designed rules are given in terms of
frequency response parameters of the plant model ‘which can be found experimentally’
instead of the plant model transfer function (T.F.) parameters. So, these rules do not need
the model of controlled process to be known. Simulation study showed clearly the
generality, ease of use, good performance and robustness of the obtained tuning rules.
Simulation study has included comparison study with other known tuning rules.

Keywords:- PID Controller, Fractional PID controller, Crossover frequency, Phase
Margin.
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INTRODUCTION

or decades, PID controllers have been widely used in process industries and other

control area. According to many articles, it can be said that more than 90% of

controllers involve PID controller as a major controller or it is a part of the overall
control system. Also, it can be confirmed ‘due to surveys on current status in process
control [1,2]", that PID controller still plays the same important role, and it is quite
reasonable predicting this situation continuity. Structure simplicity and easy
implementation are the main two reasons the success of PID controllers return to. Control
design or tuning of PID controller means determining its parameters (k., T; and Ty) to
meet a given set of closed loop system performance requirements. Often, PID controllers
are designed by considering: - 1- performance criteria 2- robustness issues.

In literature, there are many PID tuning methods like the well-known Ziegler-Nichols

and Cohen-Coon tuning rules. These rules and also most other rules are dedicated for
specified plant models, namely First Order Plus Dead Time (FOPDT) model.
Nearly, all tuning rules reported in literature are based on the approximate plant models
derived from the step response of the plant [3]. FOPDT and Second Order Plus Dead
Time (SOPDT) are the most commonly models used for this purpose. The popularity of
the PID tuning rules comes from their ease to use and their applicability over a wide
range of processes.

Recently, tuning methods based on optimization techniques with the aim of ensuring
good stability and robustness have received attention in the literature [4-8]. Despite of
their effectiveness, these methods rely on somewhat complex numerical optimization
procedures and do not provide tuning rules. Instead, the tuning of PID controller is given
as the solution of the optimization problem.

Finding simple PID controller tuning with significant performance improvement is still
an important research issue and challenging task in process control engineering [9].

Our aim in this paper is to find high performance and robust tuning rules for general
known or unknown plant model.

Beside the known classical PID controllers, another class of PIDs controllers have
appeared recently. These are the Fractional Order PID (FOPID) controllers. In these
controllers, the derivative and the integral parts have a real or fractional orders [10,11].
The design procedures developed for FOPID controllers have been mainly based on
obtaining a set of equations in the controller parameters which can be then solved using
some optimization techniques[11,12]. In [12], tuning strategies for FOPID controllers
based on the time domain and frequency response have been studied and compared. In
this paper, higher order plant model have been assumed but not a general and unknown
plant model as it is the case for our work. This the key difference for our work with the
mentioned paper and other works in this field.
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Problem Formulation
Fig.1 shows classical feedback control system.

(O)—1 cl) Ps) Y

Figure (1) A classical feedback system.

The controlled process P is a single input single output (SISO) general process with
known or unknown model. In general its transfer function (T.F.) can be put as:-

kpN(s)e_ls

P(s) =55 - (1)

Where, N(s) and D(s) are polynomials in s of the order n and m respectively with n > m,
K, is the process gain, and [ the dead time. The controller C is a PID controller with the
following T.F.:- -

C(s) = Kc(1+ ==+ Tys e (2)

iS
Our aim is to find tuning rules in term of some frequency response parameters of the
controlled process. These parameters are phase margin, crossover frequency and the
derivative of phase of process at crossover frequency. All of these parameters can be

obtained experimentally by plotting experimental frequency response for the plant. Then,
we do not need to know the model of the process to be controlled.

Design Procedure
From Eq.2, the following can easily be obtained:-

ke (Tiw)2+(1-TyT;w2)2

- e (3

ICGw)| =

. _ -1 Tiw _rn
[C(jw) = tan J—(l_TdTiwz)) > o (4)

As mentioned earlier, the purpose of this article is to construct high performance and
robust tuning rules. For this purpose, three design constraints have been chosen. These
conditions ensure the performance of step response for closed loop system, and
robustness against gain variation of plant.

The first condition considered is the phase margin constraint of the open loop system, i.e.
at the gain crossover frequency, the open loop T.F. (C(jw).P(jw)) satisfies the following:-

le(iwe)P(jwe) = [C(jw) + [P(jw) = =71 + ¢, - (5)
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Where

@m IS the desired phase margin of the closed loop and w, is the gain crossover
frequency. Substituting Eq.4 into 5 and rearranging the resulting equation, the following
can be obtained:-

Tiwc
1-T4Tiw2

+C, =0 . (6)

Where:-
T
€ = —tan" [ gy — 5 = [PGw0)]

The second design specification is the gain condition of the open loop at the gain
crossover frequency ‘w,’, that is:-

ICGw)P(w)| =1 )
From which, one can obtain the following equation:-
Tiza)cz _ 2 _ 8
(Tiwc)2+(1—TdTiwC2)2 kc CZ =0 ( )
Where,
C; = (IPGw))?

The third design specification is the robustness condition against gain variations of the
plant, which can be ensured by satisfying the desirable system property which is known
as Iso-damping property, this feature is obtained if the open-loop phase Bode plot is flat
at the gain crossover frequency w,, i.e., the phase derivative with respect to the frequency
is zero at w,. If this feature is satisfied, then at w,. the Nyquist curve of the open-loop
system tangentially touches the sensitivity circle and the phase Bode is locally flat which
implies that the system will be more robust to gain variations [13]. For systems that
exhibit iso-damping property, the overshoots of the closed-loop step responses will
remain almost constant for different values of the controller gain. This will ensure that
the closed-loop system is robust to gain variations [13]. The following equation represent
this condition mathematically [11-14]:-

d (arg[C(jw)P(jw)D| _
e -0 (9

The system which have this constraint satisfied, that the phase derivative with respect
to the frequency is zero at w,, will ensure the robustness of the closed loop system to
plant gain variations.

From Eq.9, the following can be obtained:-
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Ti(T;iTqw>+1
difave*1) 4 ¢, =0 .. (10)

(A-TiTqw ) +T o,

Where,
dlP(jw)
C3 = dww |

The equations 6, 8 and 10 can be solved simultaneously for PID parameters k¢, T; and
T4. The result of solving these three equations are the following:-

’ 1
Kc = Cl m (ll)

2¢,2
W(CrwcCr*—C1+Cr0¢)

CoweC12+C1+Cw
T, = —=2%c 1TL2We
d 2C12(uc (13)

Equations 11 to 13 represent tuning rules for general process which can be described
by the general T.F. shown by Eq.1. These tuning rules are in terms of frequency response
parameters.

Selecting ¢,, and w,
To solve tuning equations, we need to select suitable values for phase margin and gain

crossover frequency. Suitable initial guess for these two parameters can be obtained by
getting Bode plot for controlled plant, then selecting desired phase margin then obtaining
the phase value (phase=¢,,-180°), then obtaining w, for this value of phase. Fig.2 shows
example for certain controlled plant. Fine adjustment for the obtained values may be
needed to obtain optimum tuning parameters.

Bode Diagram

Phase (deg)

Frequency (rad/s)

Bode Diagram
sor 1

Figure (2) Bode plot for a certain plant model .
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Simulation Study

The validity and performance of the obtained tuning rules are investigated by an
extensive simulation study. Four different process models have been chosen to be
controlled using PID controller tuned by the obtained tuning rules.
Comparison study with other tuning rules have been also made . The comparison study
Included FOPDT model only because most designed tuning rules known in literature
dedicated for this this model.

1- FOPDT:-
The first models used in our simulation study is the FOPDT model which is
widely used to approximate high order process by first order model with delay
time. The general T.F. for FOPDT is:-

er—ls

Ts+1

pl(s) = (14)
Where

K, is the process gain, T is the time constant and [ the dead time.

This model has been used with K,=10, T=5 and 1=0.5.
In order to investigate the performance of the obtained tuning rules, we have compared
the results obtained using our tuning rules with results obtained using some other known
tuning rules. These are the well-known Ziegler-Nichols method [15], Cohen-Coon
method [16] and the optimal tuning rules proposed by Saeed-Mahdi Tavakoli [17]. We
will refer to these methods by Z-N, C-C and S-M respectively and Gn for our method.
To select suitable ¢, and w,, bode plot have been obtained as shown in figure below. @,
has been selected to be 70°, then from Fig.3 the phase at this point and the corresponding
frequency are -110 and 0.9 rad/s.

Bode Diagram

Magnitude (dB)
o
=}

Phase (deg)

-180

> . o .
10 10 10 10 10
Frequency (rad/s)

Figure (3) Bode plot for the model p1.
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Using w,=0.7 and ¢,=n/2.5 C;, C, and C3 can be easily obtained. Now by applying
Egs.6, 8 and 10, PID parameters can be obtained:- K.=0.4, T;=2.6 and T4=0.21.
Fig.4 shows the step responses for the FOPDT model using the four tuning rules.

2.5

Gn

S-M
c-c
zN |

Figure (4) step responses for P1 for the four controllers of comparison study.

To show the robustness of the obtained tuning rules against process gain variations,
we have simulated the system for three gain values, they are:- k,=10 (the gain value the
PID controller have been tuned for), 6 and 14.

Fig.5 shows the step response for the three cases.

2- SOPDT:- This model is also used to approximate high order processes. The
general T.F. for this model is shown below:-

er—ls

tyS2+t 5+1 e+ (15)

p2(s) =

The used model have been chosen with the following parameters:- K,=10, t;=0.5, t,=3
and 1=0.5.
Using similar procedure used previously to select w, and ¢ with fine adjustment, we
chose w,=0.6 and @,=n/2.4.Now, applying Egs.6, 8 and 10, PID parameters have been
have been obtained for the model :- K.=0.183, T;=2.389, T;=.4788.
As for FOPDT, the model have been simulated for three different gain (K,) values:- 10
(nominal value), 6 and 14. Fig.6 shows the step response for the three cases.

3- In this part of simulation study, two general T.Fs. have been selected. Eq.15 and
16 describe these T.Fs.:-

10
p3(s) = (0.25+1)(0.35+1)(0.55+1)(0.75+1)

....(15)
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10(0.85+1)(0.45+1)

p4(s) =

(0.25+1)(0.35+1)(0.55+1)(0.7s+1)

.. (16)

For P3, we have selected w.=0.7 and ¢,=n/2.3 and for P4, w.=1.4 and ¢n=m/2.3.
Using the presented tuning rules after determining the parameters C,, C, and C3, PID
controllers for the two T.Fs. have been obtained:-

P3: k.=0.0978, T;=1.211, T4=0.627.

P4: k. =0.1711, T; =0.9896, T4 =0 .2187

Figs.7 and 8 show the step response for the models with k (the gain of the processes)=10

(nominal value), 6 and 14.

—— kp=10
—38
—56

Figure.(5) step responses for P1
- for three values of ki,

15
Time(sec.)

Figure.(7) step responses of P3 for
three values of k.

CONCLUSIONS

— kp=6
12 —kp=14||
—kp=10

08

0.6

0.2

%1 2 s 4 5 & 7 8 9 1
Figure.(6) step responses of P2
for three values of k.

Figure.(8) step responses of P4 for
three values of k.

In this work, a design procedure based on some frequency response specifications for
open loop T.F. has been used to obtain tuning rules for general process model and not for
limited or approximated models such FOPDT and SOPDT as it is the case for nearly all
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tuning rules presented in literature. The presented tuning rules are given in terms of some
frequency response parameters instead of the parameters of the controlled process model.
One of the advantages is that the process model for these tuning rules does not need to be
known because of all of the parameters constructing the presented tuning rules can be
obtained experimentally. An extensive simulation study has showed that the presented
tuning rules give good results for the design specifications, where these rules have gave
fast response without overshot for step changes and also they provide robustness for
process gain variations.

Simulation study included comparing the presented tuning rules with some other rules
which dedicated for FOPDT. This comparison showed clearly that our rules are superior
for these rules, where these rules give fast response without overshot for step changes and
also they provide robustness for process gain variations.
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