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SCIENCE - TECHNOLOGY

DESIGN OF PID - LIKE SUGENO - BASED FUZZY LOGIC
CONTROLLERS TO GENERATOR SPEED CONTROL

OF AHYDROPOWER PLANT

THIET KE CAC BO DIEU KHIEN LOGIC MO SUGENO KIEU PID BE DIEU KHIEN TOC DO MAY PHAT DIEN

TRONG NHA MAY THOY DIEN

ABSTRACT

Fuzzy logic - based control strategies have been considered to be a feasible
replacement of conventional PID regulators due to their dominant advantages.
One of the most outstanding characteristics of a fuzzy logic - based control
scheme is that the system might not require full parameters as well as an exact
model; instead, it depends only upon experts’ understanding about the control
plant. This paper proposes the design of a novel PID - like Sugeno - based fuzzy
logic controller. With a significant set of fuzzy rules and four scaling factors tuned
by a proper optimization method, such a Sugeno - based inference model is
completely able to solve a lot of complicated control problems. A typical control
issue concerning the speed stability of generators in hydropower plants applying
the studied fuzzy logic controllers will also be taken into consideration.
Promising simulation results obtained demonstrate effectiveness and
applicability of the control methodology proposed in this study.

Keywords: PID, Sugeno-based inference, FLC, Scaling factors, Generator speed
control.
TOM TAT

Cac chién lugc diéu khién dp dung ky thuat logic md da dan dugc xem la giai
phdp thay thé kha thi cho cac b diéu khién PID truyén thdng do nhiing lgi thé
ndi bat cda chiing. Mgt trong nhitng dac diém ndi bat nhat cta bo diéu khién
logic m& mang lai la hé thong khong yéu cau day du thdng tin ciing nhu mgt mo
hinh todn hoc chinh xdc; thay vao d6, né chi phu thudc vao kinh nghiém ctia
chuyén gia vé hé thdng. Bai bao nay dé xudt viéc thiét ké ctia mot bd diéu khién
logic m& loai Sugeno kiéu PID mdi. V6i mot tap ma hop Iy va bdn hé s6 chinh
dinh dugc xac dinh b6i mot thudt toan t6i uu héa da tét, mot bd diéu khién mo
kiéu Sugeno nhu vay hoan toan c6 thé gidi quyét dugc nhiéu bai toan diéu khién
phiic tap. Mt bai toan diéu khién dién hinh lién quan dén su 6n dinh toc do clia
mady phat trong cc nha mdy thay dién ap dung cac bd diéu khién logic ma dang
Xét cling sé dugc trinh bay trong bai bao nay. CGac két qua mé phdng dat dugc day
hita hen minh chiing cho hiéu qua va tinh ting dung cla thuat toan diéu khién da
dé xuat trong nghién ctiu nay.

Tir khéa: PID, Suy ludin ma kiéu Sugeno, FLC, cdc hé s chinh dinh, diéu khién
tdc do mdy phdt.
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1. INTRODUCTION

PID (Proportional - Integral - Derivative) regulators have
been widely used in both academic and industrial domains
due to their simple structure [1-3]. However, when the
control systems have been being developed in terms of
size, complexity as well as special characteristics e.g.
uncertainties and nonlinearities, these conventional
controllers might not be suitable candidates anymore. In
this perspective, the development of intelligent control
strategies using fuzzy logic and artificial neural network has
created appropriate controllers as promising replacements
of the conventional counterparts [4-8]. Dominant
advantages of the smart controllers such as fuzzy logic
technology - based ones are those the systems might not
rely on the exact mathematical model as well as full
parameters of the object under control. It also means that
the proper operation of the controller from this point of
view depends only on experiences of experts or engineers.
This leads to the concept “intelligence” which can be
embedded in this type of controllers [5].

Studying on the fuzzy logic controllers, it should be
obvious there are several issues need to be considered.
First, it is hard to select a suitable structure of the fuzzy
logic controller (FLC). Technically, a Pl - or PI - like structure
can be employed. This work, as intended to create a
comparison between a conventional PID and FLC, focuses
on designing PID-based FLCs. Such a FLC model seems to
be dependent on the PID operation, characterized by a set
of scaling factors. The other problems when applying the
FLCs include the selection of membership functions, fuzzy
rules as well as type of inference. Consider the inference
methods, it was found that two mechanisms, namely
Mamdani and Sugeno, have been usually employed in both
academic and industrial fields. This work chose the Sugeno
inference is a studying model due to its outstanding
advantages. They include good computational efficiency,
working well with linear techniques in replacements of PID
control, high suitability with optimization and adaptive
techniques, guaranty of continuity of the output surface
and suitableness of mathematical analysis [8].
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The rest of this study is arranged as follows. The next
section will present the overview of traditional PID
regulators together with the design of Sugeno inference -
based FLC under consideration. Section 3 focuses on a case
study applying this type of FLCs in control problem of
generators in a hydropower plant. Eventually, section 4 also
provides conclusion and future work raised from this study.

2. CONTROL STRATEGIES APPLYING PID - LIKE SUGENO
- BASED FUZZY LOGIC CONTROLLERS

2.1. Conventional PID controllers in control systems

The term “PID" standing for a technical phrase of
proportional plus integral and plus derivative has been
extremely popular in academic and practical domains. It
can be said that the PID regulators have been widely
applied in huge number of control systems. A typical form
of conventional PID regulators is shown in Figure 1. A
conventional PID regulator relying upon tracking control
operation has one input e(t) which can be denoted as error
between reference and real signal of the control plant. Its
output u(t) meaning control signal is taken to the control
plant to handle it as requested. The major goal of a PID
controller is to manipulate the real output y(t) following a
desired trajectory by means of damping the error e(t) to be
satisfied an acceptable tolerance. The control signal
resulting from a conventional PID can be expressed below:

de(t) M

u(t) =K, .e(t) +K, j e(t)dt+K,

Three factors in (1), namely Ko Ki and K, denote gain,
integral and derivative coefficients, respectively. In the
frequency domain, the transfer function of a PID controller
can be deduced as:

2
Kg-s* +K,s+K; :K.(

Gpp(8) = 1+TL+Td .sj (2)

Where K, T, and T, denote gain, integral time constant
and derivative time factor, respectively. It is clear the
operation of a PID depends upon the selection of these
factors. This process is defined as a tuning process.

Control plant

Sensor

Figure 1. A typical control strategy applying a conventional PID controller

2.2. Design of PID - like Sugeno - based fuzzy logic
controllers

Based on the PID principle, a Sugeno inference model is
designed as shown in Figure 2(a). The interface of
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implementing the PID controller in MATLAB software is
illustrated in Figure 2(b). Remember that there are four
factors need to be determined, ensuring control quality of
the system. Two input scaling coefficients, k, and k., are
added to modify two input signals of the FLC: e[i] and cel[il.
Meanwhile, the other two factors, k, and k_,, are embedded
to tune two outputs of the FLC.

Sugeno
inference

N

ensor [«
(a)
4\ Fuzzy Logic Designer: FLCPIDSugeno — a X
File Edit View
FLCPIDSugeno
E f(u)
CE
| FIS Name: FLCPIDSugeno FIS Type: sugeno
And method prod v Current Variable
Or method probor o || Name u
Implication . Type output
- Range o1
Aggregation A
Defuzzification wtaver v | Help | Close | I
| Ready I

(b)
Figure 2. Structure of a PID-like Sugeno-based FLC
(b) Matlab model

As seen in Figure 2(a), a typical rule of the Sugeno
inference can be described below:

(a) Theoretical principle

“If input 1 is A and/or input 2 is B, then the output is
Z = A¥*input 1 + B*input 2 + C” (3)

It means that in a Sugeno inference, the relationship of
input/output can be considered as a linearity
interconnection. Consider the PID-type Sugeno fuzzy logic
model in descrete form as shown in Figure 2, the output
signal is as follows:

uli] = ke, . u,fil + k, . U[i] (4)
U, for u(t)zu,,

u, [l =4 u,[i] (5)
Upin for u,(t)<u,

Where u,,,, and u,,, denote saturation levels of the PI-
like Sugeno inference (see Fig. 3). Meanwhile, u,(i) can be
computed from u,[i-1] and u*[i] which is derived from the
implication based on Sugeno fuzzy rule as mentioned
previously. The relationship presented in (4) and (5) makes
the Sugeno model more obvious with regards to
mathematical analysis and applications.
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3. CASE STUDIES AND DISCUSSIONS

The control methodology applying proposed PID - like
Sugeno - based FLC will be testified in this section.
Consider generator’s speed control of a hydropower plant
as shown in Figure 3. It should be clear this is one of the
most crucial control problems of the electric hydropower
plant in order to ensure the stability and efficiency of the
system [9-11]. A typical diagram representing a
hydropower plant is depicted in Figure 3. Major units such
as speed governor, hydraulic turbine and penstock,
generator and load are highly significant in the speed
control problem. The mathematical models for these vital
units as well as simulated parameters are represented in [9].
The main control objective of this control strategy is to
maintain the speed of generator at a nominal value. This is
meaningful to keep the frequency of the system oscillated
around a desired value e.g. 50 or 60 Hz under an acceptable
tolerance, making the control system stable and reliable.

1,
L2
Load change
APL(Y
*1)=20
@*(0) Speed Turbine & Generator Ao
governor penstock & load

Speed

[eus1s jonuo) I

controllers Feedback control
PID 1 loop
I controller |

Figure 3. Speed control methodology of a hydro power plant applying
different controllers
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Figure 4. lllustration of input membership functions for the proposed FLC

To deal with the speed control mentioned above, we
use the PID - Sugeno FLC controller as presented in the
previous section with the designed parameters indicated in
Table 1 and Figure 4 and Figure 5. To demonstrate the
effectiveness of the proposed FLC, let’s consider the
following two cases of load changes AP, (t), which cause
fluctuations in the generator’s speed.

(1) AP (t) is assumed to randomly change between a
small range [-10%; 10%)] as shown in Figure 7. The simulation
results for this scenario are plotted in Figures 7-9.
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(2) AP (t) is supposed to randomly vary belonging to a
big limit [-50%; 50%] as presented in Figure 10. Also,
Figures 10-13 show simulation results for this perspective.

0.5 4

-0.5

0.5 0 05 iy

CE E
Figure 5. A 3D representation of the fuzzy logic rules corresponding to Table 1

It should be obviously the two simulation scenarios
mentioned above are highly significant, matching the real
conditions. Using the PSO (particle swarm optimization)
method to determine four scaling factors of the Sugeno -
based FLC. The procedure of the PSO is presented in Figure
6. It is noted that the terminated criteria are normally
maximum number of iterations The simulation parameters
used in this section is shown in the Appendices of this

paper.

Initialize a population of particles

(Noted that No. of variables: npar = 4 for 4
variables (k,, k., k,and k)

do
for each particle p with position x, do
calculate fitness value f(x,)
if f(xp) < f(p_bestp) then
X, > p_best,
endif
endfor

Define g_best as global optimization point

for each particle p do
compute velocity (x,, p_best, g_best,) 3v,
update position (x,, v,) 2v, 2X,
endfor

while (Terminated criteria are not satisfied)

Figure 6. Pseudo code of the PSO algorithm

To verify the outstanding effectiveness of the proposed
Sugeno FLC, in this section, beside the conventional PID
regulators, a feasible Mamdani PI - like FLC presented in
[12] will also be taken into consideration, especially in the
second simulation scenario. From Figures 7-13, it was found
that the PID - like Sugeno FLC - based inference model is
completely able to solve the generator speed control,
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outperforming the conventional PID regulators. The control
systems resulting from the proposed intelligent controllers
are obtaining much better control performances. Not only
the generator speed fluctuations but also other parameters
of the system applying the proposed FLC are capable of
satisfying promising control criteria. Consider the IAE
(integral absolute error) of the generator speed deviations
obtained from the traditional PID regulator, PI-FLC [12] and
the proposed Sugeno - FLC represented by:

IAE = j|Aw(t)| dt (6)

Two Figures (8 and 13) illustrate this criterion with
respect to time domain. It is obvious the Sugeno PID - like
FLC achieves much better control index in comparison with
that of the conventional PID as well as the Mamdani Pl-like
FLC ones. It also verifies the applicability of the proposed
control methodology.

Table 1. A set of fuzzy logic rules for the proposed Sugeno FLC

E

NB NS /4 PS PB

NB NB NB NB NS Z

NS NB NB NS z PS

CE 4 NS NS z PB PB
PS NS z PS PB PB

PB Z PB PS PB PS

—— s -PD

R T
- | & [V ﬁ ,
002 \ P I /Q /{ | JT'

\LI b

AP (1 At

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 7. Simulation results for the first case

Simulation results for the PID-like Sugeno - based FLC - Case 1
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Figure 8. Simulation results applying the proposed PID-like Sugeno FLC for
the first case
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Representation of IAE criterion Vs. time - Case 1
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Figure 9. Comparison of the PID and proposed FLC using the IAE criterion
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Figure 10. Comparative simulation results for the second case

Simulation results for the Pl-like Mamdani - based FLC [12] in Case 2
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Figure 11. Simulation results for the first case using the PI - like FLC
proposed in [12]
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Figure 12. Simulation results for the first case using the proposed Sugeno
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Representation of IAE criterion Vs. time - Case 2
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Figure 13. IAE criterion for the second case resulting from the PID, PI-like FLC
and the proposed Sugeno FLC

4. CONCLUSION

This work has concentrated on designing and applying
a PID-like Sugeno inference -based FLC in dealing with
complicated control problems. The conclusions are
deduced as follows:

(i) The conventional PID regulators may not be suitable
for the modern and complex control systems now.

(i) The Sugeno - based FLCs are totally able to be a
feasible candidate for solving the above control issues.

(iii) If four factors of the smart FLCs as mentioned above
are optimized by a proper optimization method, the
Sugeno inference model can be successfully applied in a
numerous number of complicated control systems.

(iv) A typical generator speed control using the FLC
under this study for a hydropower plant verifies the
feasibility of the proposed controller.

Future work will focus on designing and comparing the
proposed Sugeno inference model with the Mamdani one
with regards to the same problem to answer the question
“What is the efficient intelligent fuzzy logic controller which
can be used for a large layer of complicated control
problem?”.

APPENDICES

Power plant's parameters [9]

Tg=05(s); Tw=2;M=10;D=1;Rp =0.05RT = (2.3 -
(Tw-1.0)*0.15)*Tw/M;

TR =(5.0- (Tw - 1.0)*0.5)*Tw;

TH = (RT/Rp)*TR;

PSO parameters:

Size of the swarm: N = 8; Dimension of the problem:
npar = 4; Maximum number of iterations: Nmax = 20;
constraint: Lb=[0000]; Ub=[2222]".
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