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Optimizing voltage control in AC microgrid systems with fuzzy logic strategies
and performance assessment

Introduction. Microgrids (MGs) have garnered significant attention for their numerous advantages, providing a solution for powering remote
and distant locations while enhancing system reliability. In MGs, distributed generation inverters generally operate in parallel with the droop
control strategies. This study focuses on the approach based on the P-f/Q-V droop control technique with virtual impedance for AC MG
management. Essentially, the virtual impedance loop aims to decouple reactive and active power control without the need for additional
physical components. Novelty. This research proposes enhancing voltage control in AC MG systems by introducing new methods of various
control strategies, including PI and Fuzzy Logic Controller (FLC), and evaluating the effectiveness of each approach. The mathematical
model of a system is always an approximation of real systems, variations or errors between mathematical models and real systems are
referred to as uncertainty. This concept of uncertainty is present in both signals and models. In our study, uncertainties may involve factors
related to the filter LC components. By employing advanced control strategies like FLC, the purpose of this research aims to contribute to the
optimization and reliability of AC MG systems through the improvement of voltage control, which leads to guaranteed equitable power-
sharing. Results. The major advantages of the FLC are robustness for any variation on the system and fast response. MATLAB software is
used to simulate and validate the suggested control. Practical value. The simulation results show that the suggested control performs better in
precise tracking optimization and robustness for all disturbances on the system compared to a PI controller. References 24, table 5, figures 11.
Key words: microgrid, droop control technique, distributed generation inverters, PI control, voltage control, virtual
impedance, fuzzy logic.

Bemyn. Mikpomepeoici npugepnynu 3Hauny yeazy c60iMu YUCIeHHUMU Nepesazamu, Haoaiouu pilueHHs Os JCUBNeHHs 8I00aNeHUX Micyb,
O0O0HOUACHO NIOBUWYIOULU HAOIIHICMb cucmemu. Y MIKpomepedicax iHeepmopu po3nooileHol 2eHepayii 3a36udail npayioms napaieibHo 3i
cmpamezisimu ynpasnintis cnaoamu. Lle docniosicents pokycyemocs Ha nioxooi, wjo [pyHmyemvcst Ha mexwiyi ynpaeninus cnadamu P-f/Q-V
3 GIpMyanbHuM IMHEOaHcoM ONA YNPAasIiHHs MiKpomepedicero 3MinHo20 cmpymy. Tlo cymi konmyp 6ipmyanbHo2o iMneOancy cnpamoeaHuil
HA PO36 A3KY YNPABIIHHA PEaKMUEHOIO MA AKMUBHOK NOMYMHCHICHIO 6e3 HeobXioHocmi dooamkosux @izuunux komnonenmis. Hoeusna. Lle
00CiOIICeH s, NPONOHYE NOKPAWUMU YAPAGTIHHA HANPY2010 8 CUCIEMAX MIKpOMepediCi 3MIHHO20 CIPYMY WIIAXOM 6NPOBAOINCEHHS HOBUX
Memooig pisHux cmpamezii ynpaeninna, exmodarouu Il ma nevimxuii noziunuil konmponep (FLC), ma oyiHKy egheKmugHocmi Ko#cHO20
nioxody. Mamemamuuna mooens cucmemu 3a62C0U € HAOTUNCEHHAM PEanbHUX CUCTeM, 3MIHU YU NOMUTKU MIJIC MAMeMamuyHumu
MOOenamU A peanbHUMU CUCEMAMU HA3UBAIOMbCA Hegu3HaueHicmio. L] Konyenyia HegusHaueHOCmi NPUCYmHsl K Y CUCHANAX, MAaK iy
MoOenax. Y nawiomy OO0CHOMCeHHI HeBU3HAYEHOCMI MOJICYmb eKmouamu @Gakmopu, noe’szaui 3 kKomnonenmamu LC  dinbmpa.
Buxopucmosyiouu nepedosi cmpameeii ynpaeninns, maki sk FLC, mema 0ano2o 00CniodicenHs: nonseac y cnpusuii onmumizayii ma
HAOIHOCMI  cucmem 3MIHHO20 CMPYMY MIKpoOMepedici 3a OO0NOMO20I0 NOKPAWEHHS YNPAGNinHA HAnpy20io, wjo npu3eo0ums 00
2aPaHMOB8aAH020 KOPeKmHo20 po3nodiny nomyoscrnocmi. Pezynomamu. Ocnosnumu nepesazamu FLC € naditinicmy 01 0yOb-sKuX 3MiH y
cucmemi ma weuokuil gioeyx. Ilpoepamue 3adesneuennss MATLAB ukopucmosyemobcs 071 MOOE0SAHHSA A NepesipKu 3anponoHO8aHO20
xepysanns. Ilpakmuuna yinnicme. Pe3ynomamu molenioganHs noxazyioms, wo nponoHoeame YnpaeiinHsa npayioc kpauje y mouHii
onmumizayii 6iocmedicents ma HadiltHocmi Onisl 6¢ix 30ypens y cucmemi nopieuano 3 Il-pecynsimopom. bion. 24, Tabn. 5, puc. 11.

Knrouoei cnoea: mikpoMepe:ka, MeTol KepyBaHHs CIIaJioM, iIHBepTOpH po3nojineHoi renepaunii, [1I-perynosanns, kepyBaHHs
HANPYrow, BipTyaibHuii iMnenanc, HediTka Jiorika.

Introduction. A microgrid (MG) refers to a
compact and self-contained network comprising
distributed generation (DG) [1, 2] to provide local loads
with dependable and effective power [3] it can be
categorized as AC, DC and hybrid MG [4, 5]. MGs are
becoming increasingly popular due to their flexibility,
capable of operating in two primary modes: stand alone and
grid-connected mode to clarify, to guarantee seamless mode
transition and to enable grid-connected and stand alone
functions, MGs should be controlled [6, 7]. DG with smaller
generating systems based on renewable energy resources,
such as solar power and wind power, combined with loads
and energy storage systems brings evolutionary changes to
the traditional electric utilities and becomes a new pattern of
power grid. In comparison to traditional generators, the
concept of MG is emerging as an effective way to integrate
renewable energy resources. Droop control is the
recommended method for regulating many inverters in
parallel because it does away with the need for external
communication between them.

Traditional droop control employs reactive
power/voltage (QO/V) control and active power/frequency
(P/f) control to accomplish the decoupling of the regulation
of active and reactive power [8]. The concept of virtual
impedance has been introduced to uphold uniform primary

inductive output impedance among paralleled inverters. It
guarantees reactive power based on voltage amplitude and
active power determined by power angle. Furthermore,
virtual impedance aids in decoupling active and reactive
powers [9]. To maintain the voltage regulation across the
inverters, the internal control loop also identified as the low-
level voltage and current controllers consists of 2 loops: an
external voltage loop and an internal current loop, this level
of control is elaborated in [10]. An efficient control
mechanism is needed to regulate the voltage in the AC MG
because voltage control is required to achieve power
balance in the bus. This paper proposes an improvement of
voltage control in AC MGs and a comparative study
including PI and Fuzzy Logic Controllers (FLCs). The PI
controller is frequently employed in MG. However, this
controller necessitates precise mathematical models. The PI
controller demonstrates satisfactory performance but it
becomes difficult to control the voltage when variations in
parameters and system operating conditions impact the
performance of the PI controller potentially leading to
system instability. The FLC, on the other hand, has been
demonstrated advantage over conventional controllers.
Recent years have seen the widespread use of FLC because
of its less complex mathematical ideas and flexibility
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concerning input modifications. FLC differs from
conventional controllers in that they rely on knowledge
[11, 12]. However, the performance of the voltage and
current controls in AC MG under various control strategies
has not been investigated in previous research studies. PI
controllers are frequently used by them to account for errors
[13, 14]. FLC controller is given in this article as an error-
compensation technique for voltage control for AC island
MG. It has been demonstrated that employing FLC can
effectively reduce output overshoot and decrease the time
required for the system to reach its steady-state value. A
comprehensive simulation study using the
MATLAB/Simulink environment is used to determine the
effectiveness of the suggested control under various system
parameter variations. It includes several test cases that
measure the performance of the system concerning
maximum overshoot, rising time, and settling time.

The goal of the paper is to propose a robust and
adaptive control technique using FLC systems stabilizing
the voltage of islanded microgrids under both normal and
variation operation modes. Additionally, it highlights the
superiority and robustness of FLC systems compared to
conventional PI controllers.

Configuration of the proposed microgrid. Figure 1

comprises 2 decentralized generators that operate in a
parallel configuration. The load is connected to each
through output impedances and LC filters.

The model consists of an ideal voltage source of
amplitude £ and internal angle J in series with output
impedance «Z». This output impedance encompasses both the
filter impedance at the output and line impedance connecting
each elementary DG to the point of common coupling (PCC),
where V£0 is the AC bus voltage amplitude.

Control of the microgrid system. The core
components of an MG’s DG system control structure are:

a) inner loops are the cascading voltage/current control
loops that manage the 3-phase inverter’s voltage;

b) primary loop, also known as the external power
control loop, employs the droop technique to regulate the
DG system’s active and reactive power outputs.

Droop Control Droop control technique and

1
1
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“ impedance Loop Y et ™ control handling the voltage and
Ly Ly Vea Iy frequency set points.
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The dg voltage and current
outputs can be used to calculate
g the active power P and reactive
power O, which can then be
averaged using a low-pass filter
with a narrow bandwidth. The
following equation describes the

Current

Control Loop
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observed powers P and Q [15]:

Fig. 2. DG control system block diagram
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where @./(s+w.) is the low pass filter; Vpy, Vi, are the
voltage command values of d-q axis components; /74, Ir, are
the d-q axis output currents flowing through the filter RzLr.
The notion of droop control [16] is based on
measuring active and reactive powers to adjust frequency
and voltage. Through the use of the conventional droop
technique, the different DGs in an MG may share the
power required by the loads. By using a power theory-
based method, DGs systems may simulate the actions of a
synchronous generator [17]. Depending on the
predominance of the output impedance of each DG,
different variants of conventional droop controls can be
used, for more details [18]. The basic droop P-f/Q-V

technique equations are written as:
O = Opopy —MpP;
V=Viom— an»

where @, Viom are the respectively the frequency and
the RMS values of the reference voltage; P, O are the
respectively the active and reactive power at the output of
each inverter; m, n, are the proportional droop
coefficients for frequency and voltage, chosen according
to the rated active and reactive powers.

Virtual impedance. It’s added to the droop control
as indicated by (3), Modifying the virtual impedance
variable creates an inductive network, guaranteeing that
the active and reactive power may be controlled using the
droop (3) [19, 20]:

Z,= (Rv + ija)) > 3
where R,, L,, Z, stand for virtual resistance, reactance and
impedance droop, respectively.

2
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The reference voltage obtained by droop control is
modified as:

dl Fabc
@
where V., is the voltage obtained by the virtual impedance;
I 18 the current flowing through the Ry, Ly filter.
Through transforming (4) to d-q reference frame:

V V 1 -l
9 1zv 9 ldroop Fq “'rq

_ Vi droop | R, -oL, Irq
0 va Rv [F q .

The cascading voltage/current control loops. The
inner control loop, including the current and voltage
loops, regulates the 3-phase inverter voltage to assess the
DG unit’s operational condition. Using Kirchhoff’s law,
the following equations are:

Vo =Vy droop — Ry Ipgpe — L,

)

Trape =1 cabe + I1abes

eabe = Rrlpape + L dIFabc/d[ +VFabes

AV rape /4t = (1/Cr M caes

VEabe = Rrlape + Lt leabc /dt +Vrabe
where I, is the current flowing through the filter capacitor;
Irupe 18 the current flowing through the Ry and Ly filters; e .
is the converter’s output voltage; R is the equivalent series
resistance; Ly is the inductance of the converter-side filter;
Cr is the capacitance of the filter; Vi, is the voltage across
the filter capacitor; Ry, Ly are respectively the equivalent
series resistance and the inductance; V. is the voltage at the
PCC point; @is the frequency of MG.

Through the use of the Park transformation, the

expressions obtained can be shown as:

(6)

Ira =1Icq +1a; ™
[Fq:ICq+ITq;
ds
edzRFIFd +LF fd +VFd—COLF1Fq;
a ®)
eq:RFIFq+LFd_tq+VFq+wLFIFd;
di7y
Via =Rrlry +er—€+ Via —oLrlry;
B ©)
VFq :RTITq +LTd—];I+ VLq +CULTITd;
dVFd
IFdch _WCFVFq+ITd§
10
o (10)
IFq:CF +C()CFVFd +ITq'

Current control loop. The current controller produces
the PWM signal for the inverter in the d-g reference frame
[21]. It minimizes the error between the measured and
reference current using a PI regulator (Fig. 3).

Voltage control loop. PI approach. This voltage
control loop uses a regulator PI. To compensate for output
current disturbances and give the d-q current reference
components, a feed-forward gain is added to the signal
created by comparing the sampled output voltage to the
power controller’s reference value (Fig. 4).

1

dref

1

d measured

g measured

V.

g measured

Virer

Fig. 4. Detailed diagram of the voltage control

Proposed voltage controller using fuzzy logic.
Fuzzy logic is an Al technology that quickly creates
nonlinear controllers from heuristic data [22]. Unlike
traditional PI controllers, it relies on experiential control
methods. A key advantage of FLC systems is their ability
to manage complex controlled systems without requiring
mathematical modeling. The fuzzy controller has 2 inputs
and 1 output. The error signal between the specified
reference voltage and the measured voltage is the first
input; its derivative is the second; and the reference current
is the output. The linguistic variables V, Z, and P where N
stands for negative, P for positive, and Z for zero. Most of
the controllers that have been built make use of the basic
approach proposed by outlined Mamdani (Fig. 5-7).

e P

vV —
dq measured
g + KAe
Fig. 5. Block diagram of a proposed FLC
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Fig. 6. MATLAB’s fuzzy inference system editor window
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Table 2
Parameters for the controller and power stage

DC bus voltage 850 V
Max active power 8 kW
Max reactive power 6 kVAr
Switching frequency 5 kHz
RMS 400 V
Filter Rr=0.1Q, Lr=1.35mH, Cr=50 pF
Line Rr=0.35Q, Ly=0.03 mH
Virtual inductance L,=2mH

! — - Sample time t,=210%s

! B ‘ ‘ﬂ‘ ;::m = = o @ Voltage PI control

* [ - pam 2241 . —
| — e — = d axis control parameters Proportional term | K py, =0.3142

generated error; b — derivative of error; ¢ — derivative of
command of the proposed FLC; d — FLC rule viewer

Inference method. The inference engine comprises
2 key components: the fuzzy rule base and the fuzzy
implication subblocks. The fuzzified inputs are fed into the
inference engine, where the rule base is applied. This process
results in the determination of the output fuzzy set (Table 1).

Table 1
Fuzzy inference
The order Derivative of error

N Z P

N N N 4

Error Y4 N Y4 P

P Y4 P P
Mathematical modeling of uncertainty. Term

«uncertainty» refers to discrepancies between mathematical
models and real systems. This study focuses on component
uncertainty in DG power converters using an LC filter.
This approach is vital for creating a robust control system.
The system’s 2 cascading loops (voltage and current) add
complexity due to the LC filter and parametric uncertainty,
with model transfer functions treated as uncertain. In our
case study, uncertainties in the DG model may include
uncertainties in the LC filter components. The following is
a representation of the unknown filter parameters [23]:
Ryp = Rp(1+ prag);
Lip =Lp(1+p 4 )
Cip =Cp(1+pcAc)
where Rp, Lp, Cr are the nominal values of Ry, Ly, Cir
respectively; Ag, Az, Ac are the possible disturbances on these
parameters; pg, pr, pc € [-1, 1] are the maximum deviation
between the real system and the mathematical model.
Simulation results. In this section, a simulation study
based in AC MG was created by using MATLAB/Simulink
software to validate the proposed controller. Several cases
were done to examine and analyze the voltage controller’s
reaction. The main objective here is to design a robust FLC
that stabilizes the MG, while comparing FLC and
conventional PI controllers under load and system
parameter fluctuations. Table 2 represents the parameters
for the controller and power stage used in this study.
Proposed droop control with load variation. The
proposed droop control principle with virtual impedance
was validated against established standards, allowing for a 5
% voltage variation and a frequency variation below 1.4 %
[24]. Power sharing among parallel inverters was tested

(11)

Integral term K;,, =10.071

Proportional term K Py, = 0.5944

q axis control parameters
Integral term Kivq =36.0467

Current control

Proportional term | K p;, =21.1057
=1699

d axis control parameters

Integral term K M

Proportional term | K pi, = 42.3115

q axis control parameters

Integral term Kiiq =6798

Proportional frequency droop m,=8.75- 10°

Proportional voltage droop n, = 0.0025

with a common load P,y = 5 kW, Ojuq = 3 kVAr, and a
sudden change at 0.5 s to evaluate the dynamic response.
The droop control technique enabled all DG units to meet
the maximum active and reactive power requirements for
islanding at full load, effectively sharing the total load
demand.

Figure 8 shows the performance evaluation of MG
controllers using FLC without uncertainty. The comparative
study reveals that FLC outperforms PI control by delivering
a faster transient response and improved performance in
reaching steady-state, as evidenced by the simulation results.
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Fig. 8. Performance evaluation of MG controllers using
FLC and PI controllers without uncertainty model

Figure 9 illustrates the study state value of the
frequency and voltage amplitude in the MG as well as the
active and reactive power delivered by the DG1 and DG2
for load variation at 0.5 s. Therefore, the P-f/Q-V droop
control with virtual impedance ensures that the voltage
fluctuations do not exceed 5 % and frequency deviations
remain below 1.4 %. This established that better accuracy
and effectiveness are achieved in the MG system.
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Fig. 9. Comparative study of FLC and PI controllers using
P-fIQ-V droop with virtual impedance without uncertainty model

Sequence of DG connection/disconnection. As
illustrated in Table 3, a test sequence was employed in this
study, involving the activation and deactivation of the
second unit at various times. This setup was used to
evaluate the performance of inverters connected in parallel
and their ability to share power effectively.

Table 3
Reconnection and disconnection sequence of DGs
Time, s 0] 1] 2+ [3]4]5
First DG connected
Second DG disconnected | connected

Figure 10 shows the performance evaluation of various
controllers using an uncertainty model for the d-axis
regulator voltage. The results indicate that the performance is
affected by the PI controller as the parameters change. From
0 to 0.15 s the measured voltage rises to 388 V due to a 50 %
reduction in the LC filter parameter. By using the FLC, the
measured voltage converges seamlessly into the desired
value with less impact compared to PI control where the
measurement voltage increases to 335.8 V with variation of
the LC filter parameters and the contrast is most pronounced
when DG2 is connected at (2+%,) s (Fig. 11). For g-axis the
results obtained prove that the FLC is robust and better than
the PI controller for all disturbances on the system.
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Fig. 11. Comparative study of FLC and PI controllers using
P-fIQ-V droop with virtual impedance with uncertainty model

Tables 4, 5 show the assessing the performance of PI
and FLC controllers. The voltage stabilization time was
notably faster when using FLC. This indicates that FLC
outperforms PI control in terms of dynamic performances.
The voltage variance is greater with PI control as compared
to FLC because it diminishes rapidly due to the effective
response of the fuzzy controller.

Table 4
Performance comparison between different controllers

10 | | | J ‘ ‘ | | |
“F ) 1“05 P % A 71 25 fli/[G 35 114 a5 LS without uncertainty model
1g8. . Pertormance evaluation o controllers using PI trol F logi
FLC and PI controllers with uncertainty model Parameter d—axiscon rq(iaxis d_a)l:izszy O%]l—czmis
3T , . : . . Overshoot, % 63.962 2.245 10.556 1.992
L F Doyl vatiaton s0% || Undershoot, % | 14.955 | 10.918 | 1.962 | 3.125
oo DG Gantrovarston-50% Rise time, ms 1.84 1311 | 0.76476 | 0.914
49.98 2995 . Table 5
Y 49.94 Performance comparison between different controllers
54996 49.95 with uncertainty model
S 49.92 W ;
g yE 1 02 |1, Parameter P} control . Fugzy logic .
= 40,04 _— d-axis | g-axis d-axis g-axis
o Overshoot, % | 71.296 | 75.545 | 1.531 | 1.993
002 o ] Undershoot, % | 8239 | 13274 | 1985 | 5.851
e L Risc time,ms | 1.789 | 1.565 | 0.82689 | 0.9716
L 12 2.05 21
°© 05 1 15 2 25 3 35 4 45 15 Conclusions. This paper offers a comparative
6000 [ 7 | P0G Fuzzy logo-varton 50%|| all'a}y.sis of voltage cpntrol enhancement in microgrid§,
’ P D2 Ty logiovaration S0 utilizing both conventional PI controll.ers and fuzzy logic
_Sooor P-DG2-PI Controlvariation -50% [ controllers. The performance evaluation shows that the
ioooi < proposed. cqntrol, even with changes in the load or system
kS 4500 characteristics, the voltage control can be efficiently
3000 |- 4000 regulated to the appropriate level. Furthermore, the fuzzy
= 3600 logic controller employed in this study exhibits excellent
2000 =000, o 02 performance in various transient conditions, offering rapid
1000 - 2000 | voltage reference tracking, adaptability to load fluctuations,
0 = 'y and superior robustness against system disturbances as
0 , , | ! -‘ | | | ‘ 1 compared to the PI controller. These advantages position
¢ o5 1 15 2 25 3 35 4 45 IS fuzzy logic controllers as a more effective solution for
16
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voltage control in microgrid applications, highlighting their
potential for enhancing the reliability and efficiency of
future energy systems.
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