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Abstract

This study compares a controller based on fuzzy power system stabilizer (FPSS) with the complementary power system stabilizer (CPSS) for
a microgrid (MG) containing an induction motor (IM)- diesel machine (DM) - governor (GV)- photovoltaic (PV) (IDGP). Furthermore, the
linear Heffron-Phillips model is developed for MG. Using the traditional stabilizer, a specific range is calculated for changes in the MG input
parameters, and a fuzzy logic controller is designed to achieve a good performance in this wide range with a high damping ratio. The
simulation results of the IDGP state space model reveal that the fuzzy logic stabilizer has an excellent ability to enhance damping torque of
MG dynamic, with a linear model. The IDGP small signal stability assessment is completed with oscillatory mode trajectory and Heffron-
Phillips model. In this paper the control of the voltage source converter is done using sliding mode concept. The efficiency of the presented
controllers on damping of critical modes is tested through time domain.

Keywords: Microgrid, dynamic stability, Heffron-Phillips model, fuzzy logic

Introduction

Systems using renewable resources, which have been
increasingly employed for large power generation and
the power industry are one of the most significant
infrastructures in every country. Besides, PV array is
discussed in many research communities around the
world in recent decades [1-3]. Interest in harvesting
renewable energy (RE) sources, especially the PV
system to generate electricity is increasing and paving
the way is a strong government support and serious
concern for the environment. Due to the growth of

demand, cost per output power ($/W) PV array is
gradually decreased, on the other hand employment
of it, becomes more possible due to governmental
support [4].

Grid-connected PV power sources have been greatly
brought into the traditional power systems recently;
therefore, their grid connection may meaningfully
affect power system dynamics and operational
characteristics, including small signal stability. Because
the technology of manufacturing PV cells is greatly
improved, the price of the PV modules has efficiently
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decreased in recent years and just as the price of
conventional petrochemical fuels for power
generating varies greatly [5,6].

Hence, the comprehensive utilization of PV modules
with high generation electrical energies becomes more
and more practical, possible, and realizable. In
addition, new buildings have recently been equipped
with PV array to efficiently save energy consumption
of buildings, and it is mainly employed to supply
remote, and isolated loads [7].

RE resource and power system applications present
important new challenges for modelling and control of
voltage source converter (VSC). Unlike conventional
power sources, which are operated to match the
demand of the loads, VSC interfaces for distributed
generation, such as PV and wind, are controlled to
extract the maximal power and the asynchronous
process [8]. Moreover, if it is not controlled in a
suitable way, it can lead to instability in the system.
Various types of DG employ VSC to transform and
synchronize with network systems. Analysis of the
result (such as small signal stability, increment of fault
current, steady state voltage) and some technical
factors of installing RE resource are obligatory and
should be reported to power system operators before
connecting to network systems. Their impact and
conclusions are represented in [8-11]. In addition,
several authors for VSC have presented nonlinear
mathematical models and control strategies, adaptive
control, robust control and decoupling control in
converter stations using feedback linearization in [12-
15]. Nonlinear control techniques based on the input—
output linearization with significant attainment have
been developed over recent years and applied to
power electronic control [16]. Many researchers
showed that the PV array was excellent for utility-scale
grid-connected utilization [17-19], while in [20-26]
concentrated on the characteristics of utility of the
interactive PV array.

In this paper, to determine the transient behaviors and
stability limits of the IDGP system, with the
penetrating power generation of the PV array, the
dynamic-stability concept has been represented. CPSS

provides sufficient damping to low frequency
oscillation, although they fail in geographically distant
areas. Bearing this in mind, a selection of controller
location and feedback signals of controllers in a wide
area network has been represented in [27], which
[27,28] have proposed a methodology for selection of
input and output signals, and a robust fuzzy controller
is designed. Therefore, to enhance the damping ratio
and dynamic stability, additional damping is generally
provided by the controller using fuzzy logic controller.

System model

The single machine infinite bus power system model
consists of an IM, DM, GV, PV system and a
transmission line connected to an infinite bus has been
shown in Figure 1. A CPSS and FPSS are applied in the
excitation of the machine. Furthermore, PV system
with only active power, connected to a simple infinite-
bus power system with an asynchronous motor load at
a PCC is illustrated in Figure 1. The voltage control is
performed by the DM which is equipped with an
automatic voltage regulator (AVR) and it also has GV to
ensure completeness of the system.

Eq. (1) represents the amount of power extracted from
the PV which depends upon the magnitude of the
voltage across the capacitor Cdc (1) [29]. Therefore,
various ratios of power sharing can also be achieved
between the DE and the PV system.

D =<N Ly, — N1 [exp <&>
pv p'ph p's NskvacApv (1)

_ 1D Vae

Nonlinear power system modeling

The dynamic behavior of the IDGP system portrayed in
Figure 1 is governed by multiple nonlinear equations
that are described in the rotating dgq frame of
reference represented as follows:
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Governor model

The block diagram of the governor, as shown in Figure
2, is represented with three nonlinear mathematical
models as shown in Egs. (2) through (4) [30].

du; (—1) 4 (Kle)

ac _\r,) T\, )P (2)
du

d_tz = u3 (3)
d‘U,3 1 k1 (4)

dar = AgoUy — k_zuz - k_2u3 — AgsPm

InwhichKT1=1/2,KT2=12 /12, that T1is dead time
constant and T2 is actuator time constant. Parameters
K1, K2 and K3 are used for depicting the actuator,
current driver and the engine torque constant,
respectively.

I
o

e -r-.;{_[

1. Ks-Ks\u
1-Ks5+K5

ACDC
Converter

Figure 2: DM governor block diagram with Padé

Diesel model

The DM and the exciter have been modelled using the
standard single axis simplified model as given in

Egs.(oA)-() [31].

ds (5)
It = wo(w—1)
dw 1
Ezﬁ(pm_pe_D(w_l)) (6)
dE'q 1
—_— - E — E! _ _ Iy

dt T ( fd q (xq xd)ld) 7
dE, 1

did = T_ (_Efd + kavr (vtref - vt)) (8)

a

PV array model

The system from the VSC to PCC, represented with
nonlinear model as below [30]:

Figure 1: DM governor block diagram with Pade
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dvdc _ i(vacb)z (@ _ Valg _ Uq iq) (9)
dt Cac \Vach/ \Vac  Vac  Vac

& _ wiq _ WUg  MgWVacVqch (10)
dt Lf Lfvacb

di WU, MywWVy.V

dt Lf Lfvacb

The PV array converter is controlled using a second
order sliding mode controller, hence, to achieve this
concept, additional state variable g, is framed.

The state variable mathematical model for g, achieved
from Egs. (9) through (11) as given in Eq. (13).

dv,. _ (12)
dt
dg _ Aivg (wvd , A)
— = - —mguv
A i Vree T
A1vg (07U, .
+—< + wig — mqucA2>
Vic Xcs

The SMC technique is to define a sliding surface for the
variables of interest. In addition, the control
philosophy SMC operates in such a way as to bring the
said variables into this surface which the usual
surfaces are for the error between the actual value of
the variables and their reference value. To control the
VSC, the state variables v 4 and iq are the variables of
interest, thus a sliding surface is defined for every
single of these variables and the expressions for the
control, md and mq, are acquired as represented in
Egs. (14)-(15).

_ A3m3 +A4g +A7U3 +A6vd _Aslq +

mg
vd de (14)
(As — A10)tid - Auvg - Asgz - A9qu4
VaVac
AoVyig + A2 — Agu,m
mq: 10Yq*d 11Yq 9Vq''t4 (15)

VaVac

Induction motor

The nonlinear mathematical model of induction
motor, which is considered as dynamic load, has been
given as a three differential Eqs.(16) through (18) [31].

dv} 1., . , (16)
W = _T_o’ [vd + (xs - xs)lqs] + pervq

dv) 1

d_tq = — [vh + (xg — xDigs| + POV} (17)
dw, 1

ac ~ zi e = Tnl (18)

Heffron-Phillips modeling of power
system

The nonlinear model of the IDGP system can be
linearized around an operating point, thus the state
space model (X= AX + BU) achieved as represented in
Eg. (19), besides the operating point of the IDGP
power system is acquired by running a power flow.

Where A, B, Xand U are the state matrix, input matrix,
the state vector and input vector, respectively.

The Heffron-Phillips model (HPM) of the IDGP MG
proposed for small signal analysis and selection of
damping control signal for the design of damping
controller.

Furthermore, many analytical conclusions and design
methods have been developed based on this model
and to systematical

investigation of the damping performance of FPSS on
dynamic stability, this work established the HPM of
the IDGP microgrid. It demonstrated how the damping
torque analysis can be performed to examine the
impact of FPSS and CPSS controller on damping power
system oscillation.

The HPM of the IDGP microgrid is achieved by
linearizing the nonlinear Egs. (2) through (18) and its
constants are calculated based on the given values of
the nominal operating point. The HPM linear block
diagrams of the IDGP
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power system represented in Figure 3, it can be seen
that there are 14 state variables existing in the IDGP
microgrid. The dynamic stability of the microgrid is
analyzed by having the HPM of Figure 3.

Design of complementary power
system stabilizer

The capacity of a power system to maintain small
signal stability depends highly on the PSS, hence the
function of the PSS is to damp the low frequency
oscillations of the generator [32]. The conventional
controller PSS acts on the excitation system of the DM,
hence the performance of a conventional stabilizer is
limited, and it is sensitive to changes in power system
parameters [33].

The DC voltage reference of the PV power plant can
now be proposed as follows:

VUdcref = kcpssAEtlz + Vycret (20)

Where V dcref is an input to the IDGP microgrid and a
matrix K is defined, then augmented to the A matrix
by equation Au =—- K Ax..

The input vector is written with regards to the new
matrix, since their state vector and the IDGP microgrid
is now shown in the state space model as represented
in Eg. (21), where the eigenvalues of Anew show the
eigenvalues of the IDGP power system with the
proposed auxiliary power system with the proposed
auxiliary control signal

w12



L]

Journal of Power Technologies )4 (1) (2024) 20 --270 \j

defuzzification is transformation after inference, a
fuzzy set of a linguistic variable to numeric values [36].

——- Knowledge base

Knowledge base contains the description of the
control membership functions. It should be noted that
fuzzy membership functions are defined for each
stabilizer interest variable and the necessary rules to
T show control objectives using linguistic variables.
Furthermore, an inference mechanism must be
capable of simulating researcher rule making and

1
-

|
¥ -

[Tl Do el

i

| refers to the internal mechanism for production of
5 output values for given input values through fuzzy
- onialll -
e Yoo W Yo Yo Wi Py Wi e rules. The designs of FPSS two inputs and one output
i %~ are considered, which are changes in the DM angular
5 I
e Bt | | | speed deviation ( AW) and the derivation of change in
| | I . ——— '
el | = ==l B2 DM angular speed deviation (AW') and reference
Mo || oot ‘ El_lz'— voltage of VSC (v dcref ), respectively. It should be noted
T L T that five membership functions are considered for
— I L fd | ! each input signal and output which are represented in
&a fid Wil Tl = Avar

Figure 5 and Figure 6.

Figure 3: Phillips-Heffron model of IDGP system with FPSS . - 2
and CPSS. . = : = T

Fuzzy power system stabilizer (FPSS) s

A fuzzy logic-based PSS gives a consistently better 3
performance than the conventional PSS to damp low 5
frequency oscillation and small signal stability [34].
The concept of a FPSS has been shown in Figure 4.
Fuzzy logic stabilizer design includes the definition a)  Membership function of Aw

parameters which are represented as follow:

Fuzzy Inference

0.95

L Knowledge
base

Input > > output

Fuzzification " Defuzzification

Figure 4: The concept of a fuzzy logic controller.

Fuzzification and defuzzification b)  Membership function of A

Transforming the measured numerical values to the

Figure 5: Membership functions of input.
corresponding linguistic is fuzzification [35], while 9 P finp
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Figure 6: Membership functions of output Control Output of
Fuzzy PSS.

Bases rules

Fuzzy logic controller sets are defined for each Aw, Aw’
and v dcref, hence there are five fuzzy levels (large
negative (LN), negative (N), zero (Z), positive (P), large
positive (LP)) and their membership functions are
Gaussian that the 25 rules described presented in a
matrix called matrix inference given in the Table [37].

In our method we use max—min inference that is the
Mamdani method, besides the defuzzification method
used in this FLC is the center of the area as given in Eq.
(22).

v o X (=1W6)
e Ty (i=1Vw)

(22)

Where 61, 82, 63,..., 6n represent the centroids of N
fuzzy logic membership functions and they are
assigned to Ufpss and Wi representing the firing
strength of the ith rule [38].

Table 1: Inference matrix.

(]
LM N i P LE

r

mf.
LN LM LN | LN Z
M LN LM it z P
Z LM N Fi P LP
p N i P P LP
LP Z P LP LF LP

Simulation and results

To evaluate the effect of the FPSS and CPSS on
dynamic stability, a number of simulation studies have
been carried out on the IDGP microgrid.

It can be noted that the sample MG does not enjoy
acceptable small signal stability when a disturbance
occurs, hence performances of CPSS and FPSS on the
system are discussed using the simulation. The
trajectory of the electromechanical modes is shown in
Figure 7, the damping of these modes at higher levels
of PV power is relatively low. To improve the small
signal stability at higher levels of PV power, we apply
a CPSS to the IDGP system. Since the controller is given
as an input to the VSC of the PV system. The trajectory
of oscillatory mode with the addition of CPSS to the
IDGP system is shown in Figure 8.

The sensitivity of the electromechanical modes of the
system with respect to the value of kepss could be seen
from the trajectories, besides with slight variation in
the kepss value, the eigenvalues change drastically, and
furthermore in this work the value of k has been
chosen arbitrarily. In addition, with an increase in kepss
, the IDGP system becomes unstable.

However, with multiple variations, a possibility exists
of making the system stable at all ratios of power
sharing and if one must consider all variations, then
the parameters of the controller can be achieved using
evolutionary algorithms with the objective as defining
a specific region for the eigenvalues. According to what
was said, we can use the control law Eq. (20) to resolve
this problem and enhance dynamic stability of the
system in all operating points. Then, according to
Section 6, we apply the controller based on fuzzy logic,
the results of the simulation are shown in Figure 9.

It is clear that the electromechanical modes of the
IDGP have been shifted to the left and the system
damping with the fuzzy logic stabilizer method greatly
improved and increased in all operating conditions.

It should be noted that to achieve the effect of the
controllers on the angular speed of DM, a comparison
between system without PSS, system with FPSS and
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system with CPSS for typical selection of gains kepss
=—4.8 Kepss ==5 Kepss ==5.2 and kepss =—7 are given in
Figure 10. The small signal stability of the IDGP system
has been examined by making use of it in mechanical
power input. It could be seen from Figure 10 that the
proposed controller is able to damp out the
oscillations. The objective of this proposed method is
to stabilize the power system performance and
minimize the deviation between the actual and
reference field.

! -"u
i} i
T = I
il Ml
f i i

Furthermore, in Figure 10 it is observed that the FPSS
has minimum overshoot, and the results of the
simulation show that the fuzzy will produce the best
response. These results confirm that it is truly the
dynamic and control functions of the PV system that
affect the power system small signal stability, besides
compensating its effect the fuzzy logic stabilizer is a
good choice, and the eigenvalue trajectory analysis has
good performance to assess stability of the IDGP
system.

un (R
M ER
b iwsanenssasiisens

] 01m 1

Figure 7: Oscillatory modes trajectory of the IDGP system without controller.
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Figure 9: Oscillatory modes trajectory of the IDGP system with FPSS

Table shows the inference matrix of fuzzy controller.
The IDGP single machine infinite bus system and DM
governor block

diagram with Padé approximation are represented in
Figure 1 and Figure 2, respectively.
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Figure 10: Angular speed of diesel machine with CPSS and FPSS

The Heffron-Phillips of the IDGP system is presented in
Figure 3, while Figure 4 shows the concept of a fuzzy
logic controller. Membership functions of inputs are
represented in Figure 5 and output membership
function has been shown in Figure 6. Figure 7-10
shows the sensitivity of oscillatory modes with respect
to the value of kepss s and FPSS

Conclusion

In this paper a small signal model of a MG has been
developed by linearizing the equations of the system
around an operating point.

Moreover, the stability assessment of the system as
penetration and variation level power photovoltaic
was carried out. With the help of the small signal
model and the eigenvalues trajectory, stability of the
system has been evaluated, thus it has been shown
that the system becomes unstable at the high level of
the PV power. A comparison between the fuzzy logic
stabilizer versus a conventional stabilizer has been
carried out for a case of the IDGP system, where
simulation results have shown that FPSS scheme still
works very well when CPSS fails. Moreover, the control
approach of the VSC has been done using sliding mode
concept. In addition, the experimental results have
emphasized the better performance of the proposed
fuzzy logic controller with respect to the conventional
stabilizer, over the whole operating conditions, both in
regulation and tracking oscillatory modes. They also
highlight how our approach outperforms the
conventional stabilizer in terms of flexibility.

Abbreviations

PV array:

Ns Number of PV cells in series
Np Number of strings in parallel
Iph, I Photocurrent and dark current

q, Te

k, A

va,Pt,Pdc

Cdc, Vdc
Kes 5 Xﬁv
id, ig

Vd, Vg

md, m,

Ve , Vi

p]’ p2’ kg
b

Cdc

Charge of an electron and cell
temperature

Boltzmann’s constant and ideal

factor

PV array power, dc power into VSC
and ac power from VSC

Dc link capacitor and voltage
Filter and connecting line reactance

dg frame current components of
VSC

dg frame voltage components of
PCC

dq frame components of
modulation index of VSC

Ac and dc side voltage base
Sliding mode controller gains
filter reactance

capacitance

Diesel Engine:

Pe

X, H

Vt, Vtref
®, o

Pm

E/, Eu

Kavr, Ta
K; K> Ks
Ti.12

Ac power from DE

Winding reactance and inertia

constant of DE

Terminal voltage and reference
Angular velocity and torque angle
Input mechanical power

Internal voltage and stator side
exciter voltage

AVR gain and time constant
Governor gains

Governor time constants
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ki Padé approximation constants

ltsd , lisq dqg axis components of current

xd, x; Direct axis steady state reactance,
transient reactance

Taw' Open circuit time

Induction motor:

Hia, Te, Tn Inertia, electrical and

mechanical torque

torque

Wrind, & Induction motor angular velocity
and slip
Ry X, Xn Induction motor resistance and
inductance
ids, igs dq axis components of current
vd, vy dg axis components of internal
Voltage
Governor:
T Time constant
T, Actuator time constant
Network:
R X, Resistance and reactance of line to
main grid
X Transformer reactance
sb2
[V ] Infinite bus voltage magnitude
b
Appendix

Expression for A:

Ai1=wv acbZ/ (C Vdc dcbZ); Ax=wv dcb/ (X Ves ach ),
A= pa/ (AA); A= k[ (AAL); As=w /[ Ay As=w /

(X AcsZ); As :W/ (CXAdccsZ); As=

1/ (A A2); As= —( p X Vercsaco)/(¥ acow )’

A10= (Vacb X cs)fV deb ;A11 =V ach [V deb ;A12 =

(V acbW 2)/ (V deb X cs);13 = (As —Anoyxid/ (V Vdcd2); Ara
=V Vgacb2(ig +V g/ X s — M V Vgdcdeb [ (X Vesace))/(V
dcb 2V dc); A15 =

VVgach2X(Vd/ Xes— —igVMVdc d deb/

(X Ves ach ))/(V deb 2V dc).
A16= nao+ nis+ nss + n43.

A17= nwo+ N+ N+ N+ nll.

A= na2+ N+ N+ naAw= (As+ Ay —(2A g vs/ a
NIV a;Awn=pa" (Xa— xd )T ;A= pxs(a— xd )/Tao'
An= —ms(X g— X4 )Ta ;An= —(1+ p"(xa— x4
N/ Tao ;A= p X" (4= Xd )T ;A= pXe(d— Xd
)/Tao' ;A26=1/V t;As = ps*

(xa— xd)/Tao'; Ass=1/v ta27= —Az*

ko (=itsap X6 g2+ EXxPq 'ad"'= pis'"" tsax d2)/Ta; Az
= —Aksar(—p X" q2itsg+ pEXsq' 'a— pistsaX d'2)/Ta
;A2 = —A kasawr (M istsgX g2— M Esg'Xd + M istsax
d2)/Ta;As0= —A kasav *

(n101+ Mmo2)/Ta; Asr= —1/Ta; Az2= —A ksaw *

et

(—pi7" tsax g2+ pExs"" " 'qa— pis'"'sax d'2)/Ta; Asz =

—A kasavr (—p x7'"" q2itsa + p X Esd'q' — p Xed'2itsd) /

Ta; Asa= —(ps’ xvd — pvig')/ (2hind); Ass=

(=pvs" 'a= pvidq)/ (2hind); Ass= (M v4 4

+m Vvg4')/ (2hind); As;= (p vsd' + p Vo' ')/ (2hind).

Ass = (ias— p Vo' pa— p Vi1q')/ (2hind);A39 = (ies— p ve" 'a— p

vii' ¢')/(2hind );A20 = p N10103;Aa1 = P Niwo103’ ;A2= —m ns
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