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ABSTRACT: Supervision of electric power
generation systems has been carried out either by
model predictive control or by fuzzy logic in the
literature. This paper proposed the new supervision
for electric power generation units connected to the
interconnected power system. This new method was
based on the artificial neural networks. The
architecture of the artificial neural networks
supervisor obtained using the neural network
toolbox under Matlab was (5-7-4). The results
obtained showed that this artificial neural networks
supervisor was able to participate in the secondary
frequency control in mode automatic.

KEYWORDS: artificial neural networks (ANN)
supervisor, Diesel power plants (DPP), hydroelectric
power plants (HPP), proportional integral (PI)
controller, secondary frequency control (SFC).

I. INTRODUCTION

Frequency stability of Electric Power
System (EPS) consists in achieving a balance, at all
times, between the production and the consumer.
Maintaining this balance therefore requires a
permanent supervision system to ensure the stability
of this EPS. In the literature, there are three types of
supervision used to manage Electric Power
Generation (EPG) Systems (a) Model Predictive
Control (MPC)-based supervision (b) Fuzzy Logic
(FL) supervision (c) Artificial Neural Network-
based supervision. The work of Negenborn et al
(2007) studies the voltage stability of the 9 bus
power system, called the Anderson-Farmer power
system, using a monitoring system based on MPC
[1]. They (2009) also study voltage control for the
9-bus power system through the use of nonlinear
MPC supervision using pattern search [2]. Qi et al
(2011) create a MPC supervisor to provide the
reference power of Solar-Wind Generators for an

isolated grid [3]. Tedesco et al (2016) propose the
supervision of the microgrid by the approach of a
MPC. The goal of their work is to optimize the
power flow in real time [4]. The research work of
Courtecuisse et al (2007), develop the supervision
strategy based on FL for a Hybrid Generator. This
supervisor proposed by the authors made it possible
to maintain the reference power and to contribute to
the Primary Frequency Control (PFC) and
Secondary Frequency Control (SFC) settings [5].
Boukettaya et al (2007) create a Fuzzy Logic
Supervisor (FLS) to control the powers generated
from a Hybrid Power Generation Unit [6].
Herbreteau et al (2008) study the FL-based
supervision strategy for Hybrid Generation Systems
(HGSs) connected to the power grid in order to
improve the integration of Dispersed Generators [7].
Li et al (2009) are interested in the participation of
the PFC and SFC of a resident microgrid connected
to the radial distribution using a FLS [8]. Nasser et
al (2011) propose a FLS for Hybrid Renewable
Energy Systems (HRESs) composed of Wind
Turbine, Hydroelectric Power Plant and Storage
System connected to the AC grid [9]. The work of
Shabib (2012) studies the application of FLS with a
PID (Proportional-Integral-Derivator) controller for
an excitation system of a generator connected to the
infinite bus [10]. The work of Ngoffe et al (2016)
present the method of optimizing a FLS applied to
the HRES consisting of three Diesel Generators, an
Energy Storage Unit (supercapacitor) and a
Photovoltaic Generator [11]. Krim et al (2017)
propose the control and a FLS for a wind power
system associated with a Hybrid Energy Storage
System (batteries and supercapacitor) connected to
the power grid [12]. Roumila et al (2017) develop
an intelligent supervisor based on Fuzzy Logic
Control (FLC) for HGSs composed of Wind
Turbine, Diesel Generator, Photovoltaic and Storage
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Batteries [13]. The work of Chaouali et al (2018) is
interested in the management of HRESs composed
of Photovoltaic, a Proton Exchange Membrane Fuel
Cell (PEMFC) for a water pumping station in an
isolated grid [14]. As for supervision based on
Artificial Neural Networks (ANN), Mohagheghi et
al (2005) develop an ANN supervisor for
multimachines and a FACTS device in an EPS. This
proposed supervisor sends control signals in the
form of reference power to the multimachines and
the reference voltage to the FACTS device [15]. It
should be noted that Younci et al (2011), they
develop a supervisor using ANN for the optimum
operation of Hybrid Renewable Energy Generators
(Wind Generator, Diesel Generator and Flywheel
Energy Storage System). This proposed supervisor
makes it possible to supply the reference power to
the HREGs [16]. Lu (2019) proposes the control of
a power converter which is associated with the
Virtual Synchronous Generator connected to the
EPS. The goal of the author is to improve the
frequency nadir of this studied system [17]. The
work of Morovati and Painemal (2021) proposes a
novel coordinating mechanism between
Synchronous Generators and Wind Turbines (WTSs)
based on Doubly Fed Induction Generators (DFIGS)

for enhanced PFC. In this case, ANN is used to
obtain an optimal coordination signal to improve
frequency response [18]. So far no-one has studied
ANN-based Electric Power Generation (EPG)
supervision for SFC.

In this article, the main objective is to
create the ANN supervisor for the EPG units
connected to the interconnected power system in
order to participate in the SFC. This supervisor
sends control signals in the form of reference power
to the controllers of these EPG.

Il. MATERIALS AND METHODS

Used material in this section is shown
below (Fig.1). It is an interconnected power system
(IPS) of the region DIANA, named RIDIANA [19].
This material is made up of (a) three HPP
(Ampandriambazaha has two 25 MW units,
Andranomamofona has three 5 MW and Bevory
consists of two 6 MW units) (b) five Diesel power
plants (DPP) for the five districts (c) seven HV
transmission  lines including four 90 kV
transmission lines and three 220 kV transmission
lines (d) fifteen power transformers (e) five loads
that are powered by DPP.
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Fig.1: Interconnected power system of the region DIANA

2.1. Hydroelectric Generator (HG) model
Figure.2 shows the HG that makes up the
(&) synchronous generator (SG) (b) the hydraulic

turbine (HT) (c) the servomotor (d) the exciter (e)
the speed governor (SGN) and (f) the automatic
voltage regulator (AVR) [20]
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Fig.2: HG with its control systems

The following subsection relates only the models of

the HT, the SGN and the AVR. with T, is the hydraulic time constant in s.
2.1.1. Hydraulic turbine model 2.1.2. Speed governor model
The HT used in this paper is of the Francis type A speed governor is used to regulate the speed or
[19]. It is a device that converts potential energy of the power supplied by the HT in the event of a
water into mechanical energy to drive a SG. The variation the frequency of the electrical power
transfer function of HT is defined by system [21]. The figure below shows the principle
of SGN
1-T,s
G..(s)=———w> 1)
) 1+05xT,s
WERNN "; Servometer Heirnle | ™| Srachrosear | ".
", G Turblae [ Gomerarne

Spedence o

Fig.3: Principle of speed governor

For a Proportional Integral (Pl) type SGN, its K, 3)
transfer function becomes SRV (S) = 1+T.S
.
1x(1+ KP'SJ where K, is the servomotor gain constant, T
s Ki ) servomotor time constant in s.
Gsso (5) = K—S
1+ [Kp + KSJS 2.1.3. Automatic voltage regulator model
! ' The output of the AVR depends only the terminal
. . ] . voltage (V) of the SG [21]. It acts on the SG exciter
with Ky: SGN proportional gain, Ki: SGN integral to keep terminal voltage constant. Figure.4 shows
gain, 3s: droop. ) ) ) ) the block diagram of the voltage the AVR on a SG
The servomotor model is described by a simple first [22]

order transfer function similar to that of the motor
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Fig.4: Principle of voltage regulation of HG
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The transfer equations for the block elements in
Fig.4 are (a) for the AVR, its transfer function can
be written [21]

K
GAVR(S):1+-|: S (4)

with K; and T, represent the AVR gain and time
constant, respectively, in s
(b) for the exciter [21]

1
GEXC(S):m )
with Te: exciter time constant in s
(c) the transfer function of the SG is the ratio
between the output voltage and the field voltage of
this SG [21]
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where V. SG terminal voltage, Eg: field voltage of
the SG, Ky and T4 are SG gain and time constant,
respectively.

2.2. Diesel Generator (DG) model

A DG is the combination of a Diesel
engine (DE) with a Synchronous generator (SG) to
generate electrical energy. The basic components of
a DG are [23-24] (a) DE, (b) speed regulator (SR),
exciter and SG. The following Fig.5 shows the
block diagram of the DG [25]
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Fig.5: DG with its control systems

2.2.1. Diesel engine model

Diesel engine (DE) is the non-linear
system. It is equipped with a SR. This automatically
controls the speed of the DE by adjusting the fuel

injection according to the load [26]. The following
figure shows the functional structure of the speed
control supplying the DE
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Fig.6: Functional diagram of the Diesel engine

The mechanical power supplied by the DE is
P, =K, ™00, (7)
where K is the gain of the DE, ( is the fuel mass

flow in kg/s, on is the angular speed of mechanical
rotation of the DE expressed in rpm.

2.2.2. Speed regulator model
Figure.7 shows the Diesel engine (DE) drive system
that can participate in frequency control [26-27]
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Fig.7: Diagram of the Diesel engine drive

The transfer function equations for the elements in
Fig.7 are then written as follow

(a) the transfer function of the PI regulator can be
written as

G (s)= Kp.[1+ T_lsj (8)

(b) the transfer function of the actuator which
controls the fuel according to the output of the SR is
modeled by

) K
Crcl)= s ©

Cc

with Ky is the actuator gain constant, t, is the
actuator time constant in s;

o Besber [0

(c) the Diesel engine (DE) follows the
thermodynamic process law. So, it is modeled by:

1+1,.58
Goe(s)=K, | —2mp= (10)
o el

where K,p is the DE gain constant, tymp and tomp
are the time constants of the thermodynamic process
of the DE ins.

2.2.3. Automatic regulator voltage model

The voltage regulation of the DG is carried
out by an AVR acting of the SG exciter in order to
provide the excitation voltage necessary to keep the
alternating output voltage constant at its reference
value. Fig.8 gives the block diagram of the Diesel
generator excitation system [26], [28]

Fig.8: DG output voltage regulation

The transfer function equations for the block
elements in Fig.8 are then written as follow

(@) the rectifier transfer function can be written in
the form

__ 1 (11)
1+T .S

red

G REC (S)

with T, is the rectifier time constant in s
(b) the regulator transfer function is given by [21]

K
G s)= r (12)
rec (9) 1+T,s
(c) the exciter transfer function can be written as
follow

1
G S)=——— (13)
exc(s) Ko Ts
with K, and T, are the exciter gain and time
constant, respectively;
(d) the stabilizer transfer function is of the following
first order:

K.s
G, (s)=—C (14)
STA( ) 1+ ’CC.S
where K,: stabilizer gain constant and T,: stabilizer

time constant in s.

2.3. Supervision strategy

Objective of this section is propose the
supervision strategy that we have designed-based on
an artificial neural networks (ANN) in [29-30] for
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the electric power generation (EPG) units connected
to the interconnected power system (IPS) in order to
participate in the secondary frequency control
(SFC).

AN

A e e

2.3.1. Structure of the interconnected electric
system

Figure.9 shows the studied electrical
managed by an ANN supervisor [29-30]

system

Fig.9: Structure of the interconnected electric system

This is mainly (a) an ANN supervisor (b)
three hydroelectric power plants (HPPi, with

i=13) (c) five Diesel power plants (DPPj, with
j=1,5) (d) high voltage (HV) transmission lines to
transport the electrical energy produced (e) five
loads (LOADK, with k =15) which are supplied by
DPP.

B - ANN Supervisor

2.3.2. Structure of the ANN supervisor

An ANN supervisor is a novel means of the
processing information inspired by working of
biological neurons. According to the study carried
out in [29-30], the ANN supervisor is a
multivariable neural system

p—=_ .D,,(.”.,'
prts Protiog)

» Pigtipe:

——p Protigpd

Fig.10: Structure of the ANN supervisor

The different variables of the ANN supervisor are
(@) input variables: P, represents the power
measured at load n°l, P, Which is the power
measured at the second load, Pj,q3 the measured
power of load n°3, Pyaq4 the power of the fourth load
supplied by the DPP4, Pjsqs is the power measured
at the load n° 5

(b) output variables: Pr.qpp1 represents the reference
power of the Diesel power plant (DPP1), Pret.npp1

represents the reference HPP1 power, Pret.nppe IS the
reference power of the second power plant HPP2,
Pret-npp3 is the reference power that drives HPP3.
This ANN supervisor works like a black-box. Based
on the work done in [29-30], the size of the ANN
configuration for the supervision of EPG units is (5-
7-4). So, its architecture can be represented as
follow
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Fig.11: Structure of the ANN (5-7-4) architecture applied to supervision

2.3.3. Control strategy for EPG units by ANN
supervisor

In this subsection, an intelligent control
strategy for electric power generation (EPG) units is
proposed. Each EPG unit connected to the electrical
power system (EPS) has an internal control system
that can participate in the primary frequency control
(PFC) using the speed regulator. When there is
excessive load (consumption) variation, EPG units
fail to meet the balance between the production and

consumption. In this case, there is no zero frequency
deviation from the setpoint frequency of the EPS.

In order to participate in the SFC of the
EPS studied, an ANN supervisor (or external) is
necessary to guarantee coordination between the
different EPG units connected to the EPS. To do
this, this supervisor sends control signals in the form
of reference powers to the different EPG units. The
figure below illustrates the strategy for controlling
EPG units using ANN supervisor
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Fig.12: Control diagram of EPG units participating in frequency control

Figure.12 illustrates the principle of
controlling EPG units using ANN supervisor. The
latter should intervene at the instructions of the
drive motor regulators of the HPPi, with j=13 as
well as the Diesel power plant type DPP1 according
to load variations. In this case, the control law of the

hydroelectric generator i, denoted ug(s), make it
possible to participate in the SFC. It can be defined

as follows
u ci (S) = G Pl (S)'(Pref—hppi + ((Drefl—_(’)ml)] (15)
hppi
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with i=1,_3 and for the case of the Diesel power
plant DPP1 is

UC(S)= GPI(S){Prefdppl +(m’66f—c0m)} (16)
dppl

with Gp(s) is the P1 controller transfer function;
Pretnpp i 1S the reference power of HPPI, Prt.gppi:
reference power of the DPP1 type Diesel power
plant (DPP), i is the angular speed of rotation of
HPPi, expressed in rpm, oy angular speed of
mechanical rotation in rpm, &y i is the droop of
HPPi and dgpp1: droop of DPPL.

I11. RESULTS
To simulate the interconnected power
system of the region DIANA, named RIDIANA,

illustrated in Fig.1, we carried it out under Matlab
software using Simulink and SimPowerSystems.
Two types of simulations are presented (a) loads
variation (b) short-circuits.

During the simulation, for two cases, the
loads connected to the following bus were
permanent (a) 21 MW at bus 321ANT (b) 0.343
MW for 421AVR (c) 2.5 MW for bus 521ABL (d) 5
MW at bus 621ABJ (e) 13.8 MW for bus 721NSB.

3.1. Loads variation

Fig.14 shows the frequency evolution of the four
power plants (DPP1, HPP1, HPP2 and HPP3). And
Fig.17 for the active power evolution supplied by
the four power plants.

3.2. Short-circuits

Fig.15 shows the frequency evolution of the four
power plants (DPP1, HPP1l, HPP2 and HPP3)
during short-circuits.

Fig.13: RIDIANA managed by ANN supervisor under Simulink
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IV. DISCUSSION

Proposed ANN supervisor in this paper
does participate in the secondary frequency control
in automatic mode according to Fig.14 and Fig.15.

A sudden loads connection of 9.75 MW in
total was caused at time t = 20 s at bus 321ANT,
621ABJ and 721NSB. Frequency of this RIDIANA
has evolved from 50 Hz to 49.85 Hz. The transit of
active power for the four power plants (DPP1,
HPP1, HPP2 and HPP3) has increased by

(5.08 MW, 16.16 MW, 9.86 MW and 6.88
MW), respectively, so as to balance production and
consumption according to Fig. 17. Oscillations of
the active power appeared as a result of the abrupt
connection of the loads. At

t = 32 s, the frequency value of the
RIDIANA reached 50 Hz. Two power plants DPP1
and HPP1 participated in the SFC according to Fig.
17 and values active power were respectively 4
MW and 13.08 MW. A load variation of 10.25
MW was caused at time t = 50 s at buses 321ANT,
421AVR, 621ABJ and 721NSB. The frequency
dropped from 50 Hz to 49.81 Hz. According to Fig.
17 two power plants DPP1 and HPP1 provided
active power of 18 MW and 6.2 MW respectively.
So, they participated in the SFC. On the other hand
two power plants HPP2 and HPP3 only participated
in the PFC. From the instant t = 85 s, the frequency
of the RIDIANA became 50 Hz. It was noticed that
the duration of the SFC were 35 s. So this power
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system was stable. Att =110 s, the loads (5 MW,
175 MW and 3 MW) at the buses (321ANT,
621ABJ and 721INSB) have respectively
disconnected. According to Fig.17 the frequency
value increased by 50.38 Hz. This is the
phenomenon overproduction. After 11 s, the
frequency became 50 Hz. So this RIDIANA
became stable again.

Fig. 15 shows the frequency evolution of
the RIDIANA during short-circuits in the three
different parts. A first single-phase short-circuit, at
t = 30 s, was carried out at the terminals of the
Diesel power plant DPP1, with a fault clearing time
of 250 ms. According to Fig. 16.a), the frequency
of the power plant DPP1 made a large amplitude
oscillation with respect to the three power plants
(DPP1, HPP2 and HPP3). The maximum value of
this frequency reached 50.12 Hz and the minimum
were 49.88 Hz. This frequency became 50 Hz at
4.25 s after clearing the fault. A second single-
phase short-circuit occurred in the middle of the
220 kV transmission line (between buses 322ANT
and 422AVR) at t = 90 s. Following the
disturbance, frequency oscillations of the same
curve (Fig. 16.c)) were observed for the four power
plants. These oscillations were damped att =95 s
and the frequency value of the RIDIANA became
50 Hz. Therefore, this power system became stable.
A third single-phase short-circuit made across the
HPP1 at time t = 130 s. This fault were cleared at
250 ms. Frequency of the HPP1 dropped sharply
from 50 Hz to 49.97 Hz. The amplitudes of the
frequency oscillations of the four power plants
were increasingly damped. At t = 138 s, the
frequency value of this RIDIANA became 50 Hz.
Therefore, this power system became stable again.

Results obtained, according to Fig.14 and
Fig.15, are similar to the work carried out by
Courtecuisse et al (2007) and by Li et al (2009)
based on the FL supervisor concerning the
participation of the Secondary Frequency Control

(5], [8].

V. CONCLUSION

The work in this article has proposed a
multivariable  supervisor of electric power
generation units connected to high voltage power
systems. A methodology has been developed to
build the strategy for the supervision of these
power generation units. This is based on artificial
neural networks. The simulation results showed
that this ANN supervisor was able to participate in
the secondary frequency control for the electric
power generation units connected to the
interconnected power system. Future work will
focus on real-time experimental validation.
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