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Isolated Microgrid Freguency Control: An Online PSC
Based Fuzzy Tuning Approach

P. Babahajyani, F. Habibi and H. Bevrd&EE, Senior Member

Abstract— Modern power systems require increased intelligerc
and flexibility in the control and optimization to ensure the
capability of maintaining a generation-load balance following
serious disturbances. This issue is becoming moregsificant
today due to the increasing number of Microgrids (Mss). The
MGs mostly use renewable energies in electrical p@aw
production that are varying naturally. These changesand usual
uncertainties in power systems cause the classicntmllers to be
unable to provide a proper performance over a widerange of
operating conditions. In response to this challengethe present
paper addresses a new online intelligent approachyb using a
combination of the fuzzy logic and the particle swan
optimization (PSO) techniques for optimal tuning ofthe most
popular existing proportional-integral (PI) based fequency
controllers in the ac MG systems. The control design
methodology is examined on an ac MG case study. The
performance of the proposed intelligent control sythesis is
compared with the pure fuzzy Pl and theZiegler—Nichols PI
control design methods.

Index Terms: Intelligent control, Fuzzy logic, Particle swarm

optimization, Microgrid, Secondary frequency contrd, Optimal
tuning.

I. INTRODUCTION

HE increasing need for electrical power has maderaé

integrated into the power grid in the form of distited
generation (DG). In late 1990s, the main issuested|to DG
were widely considered by the working groups of the
International Council on Large Electric SystemsGRE) and
the International Conference and Exhibition on Eleity
Distribution (CIRED) in their review reports [1]ypical DGs
are diesel engine generators (DEGs), micro turbines
photovoltaic (PV) panels, wind turbines generatMsrGs),
energy storages, fuel cells (FCs) and reciprocaimgines.

The MGs are placed in the low voltage (LV) and roedi
voltage (MV) distribution networks. With numerous
microsources connected at the distribution levedre are new
challenges, such as system stability, power quadihd
network operation that must be resolved applying th
advanced control techniques at LV/MV levels ratifren high
voltage levels which is common in conventional posistem
control. In other words, distribution networks (demd side)
must pass from a passive to an active one role.

The existence of the storage devices is vital & MG
systems. Because of light inertia in most of miotoses, in
case of a serious event such as a load disturlmrmatage of
a generation unit, the main system indices areiémited, and
it may lead to a critical condition. Using of engrgtorage
devices improves the performance and stabilityha MG
systems. The main energy storage devices whiclused as

uncommon sources enter into the power systems whidbackup devices are storage batteries, flywheels, altra

increase the systems’ complexity and uncertaingneiRvable

capacitors [1].

energy sources (RESs) are mostly used as altegnativ The basis of the MGs entrance into the power systems ar

generation units in a modern power system. Troeeasing

based on the increasing reliability of the conwamd power

penetration of the RESs has many advantages, lmat alsystems, as well as improvement of economical and

introduces new important challenges, as to whethese
sources can operate properly along with the comwesit
generation units or not.

environmental issues. The MG system using renewable
energies helps to reduce global warming and to dspge
entering the power industry in the deregulated remments.

Some technical problems caused by the RESs ameor increasing reliability in the conventional pavsystems,

maintaining and protecting of the RESs, contribgitin the
system voltage and frequency regulation, and prapetrol
designs in both connected and disconnected moded g
desired utilization of these sources requires mstapdards;
hence, the Microgrid (MG) concept was first introdd in
1998 by the Consortium for Electric Reliability Tewmlogy
Solutions (CERTS) [2, 3]. The CERTS introduced a B&zan
aggregation of loads and microsources operating asgle
system providing both power and heat. The majooitythe
microsources must be power electronic based toigeothe
required flexibility to ensure the operation as gk
aggregated system [2, 3].

the MG systems must be able to have proper perforenin
the both connected and disconnected modes. Inathieected
mode, the main grid is responsible for controllitmgnd
maintaining power system in desired conditions dahd, MG
systems act as real/reactive power injectors. Butthe
disconnected mode, the MG is responsible for mamimg the
local loads and keeping the frequency and voltagécés at
specified nominal values [1, 3, 4].

Nowadays, due to increasing importance of MGs in
practice as well as academic researches, severapidf@cts
have been studied around the world, such as the TGER
project in the United States [3], the MG projecSenegal [5]

The main sources of power in the MGs are smalland the Kythnos Island MG in Greece [4]. In thesprece of

generating units of tens of kW placed at the custosite, and
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MGs beside common generation units in the powdesysthe
main system indices such as voltage and frequengst ive
controlled using appropriate control strategies. preserve
desirable performance and stability, three main trobn



structures, i. e. central, single agent and deakzrgd control
are mostly used.

In the central method, the MG system proceeds &
control local loads and the system parameters logrdral
control unit. In this method all information abdotds and
DGs in the MG are collected by a central unit areldecided
for loads and DGs [6-9]. In the single agent methbd MG
system by a great controllable DG proceeds to obtcal
loads and the system parameters. In this methddthal
control actions are applied on the controllable DBst, the
main disadvantage of this method is the high cdsthe
controllable DGs [10]. In the decentralized methed¢ch DG
is equipped by a local controller so needs loca&dfack
control signal [2, 10, 11].

The control units and their associated tuning neshior

fully considered. Simulation studiese performed to illustrate
the capability of the proposed intelligent contpproach.

th  This paper organized as follows: In Section Il isslated

ac MG system is introduced as case study. ConveitiBl,
pure fuzzy Pl and the proposed PSO fuzzy Pl comkesigns
are addressed in Section lll. Several simulatiamssfudding
the performance of the applied algorithm and trsulie are
presented in Section IV. Finally, in section V, tenclusions
are presented.

Il. CASE STUDY

Generally, there are many cases that the contesispfor
MG systems in the disconnected mode are more impiort
than the connected mode; Here, an isolated ac M&msyis

modern MG systems, which should handle complex imult considered as a case study. The isolated MG syisteirown

objective regulation optimization problems chardztsl by a

in Fig. 1. The MG system contains conventional DE,

high degree of diversification in policies, contstlategies and panel, WTG, FC system, battery energy storage msyste

wide distribution in demand and supply sourceselgumust

(BESS), and flywheel energy storage system (FE3S).

be intelligent The core of such intelligent system should beshown in Fig. 1, the DGs are connected to the MGdwyer

based on flexible intelligent algorithms. Unlikerda power
systems, the drooping system is poorly regulatethéenMGs
to support spinning reserve as an ancillary serincpower
markets. During last few years, several reportssgtng
various control methods on frequency regulatioma) mower
compensation, and tie-line control issues, have lpeblished.

Some recent works address the scheduling of thepdro

coefficients for frequency regulation in the MGs described

in [12], frequency stability in a power system mean

preserving steady frequency following a heavy dixince
with minimum loss in loads and generation units.

Due to high diversity of generation and loads, anviG
exhibits high nonlinearities,
uncertainties that may require advanced intelligeomtrol
strategies such as the used methodology in themresrk to
solve. The use of more efficient control strategiesuld
increase the performance of these systems. Siooge KESs
such as wind turbines and PVs are working unddsutent
and unpredictable environmental conditions, the Ni&@ge to
adapt to these variations and in this way the iefiicy and
reliability of MGs strongly depend on the appliedntrol
strategies.

changing dynamics, d an

electronic interfaces which are used for synchiation in AC
sources like DEG and WTG and to reverse voltag®@
sources like PV panel, FC and energy storage devidee FC
contains three fuel blocks, an inverter for conwgrtDC to
AC voltage and an interconnection device (IC). Hizhas a
high order characteristic but it is sufficient férequency
studies [13].

Each microsource has a circuit breaker to discdninem
the network to avoid the impacts of sever distudearthrough
the MG or for maintaining purposes. For easily ustinding
of the MG frequency response, a simplified freqyenc
response model is given in Fig. 2. The MG paramsetee
given in the Table 1.

This model can be useful to analysis/demonstraquincy
behavior of the case study. Since, the most ofggnsources
have intermittent nature with considerable uncetyaiand
fluctuation in the power system, efficient contnolethods

must be employed to decrease the undesirable dgnami

impacts.

. CONVENTIONAL, FUZZY Pl AND PSO-
FUZZY PI FREQUENCY CONTROL

The present paper addresses a new online intdligen

approach using a combination of thezzy logicand the

In traditional power systems, the secondary freqyen

particle swarm optimizatior(PSO) techniques for optimal control is mostly done by conventional Pl contnai¢hat are

tuning of the most popular existing proportionakegral (PI)

usually tuned based on the specified operatingtpoin case

based frequency controllers in the MG systems. he t of any change in the operating condition, the Pitamlers

proposed control strategy, the Pl parameters axratically
tuned using fuzzy rules, according to
measurements. In order to obtain an optimal perdoca, the
PSO technique is used on-line to determine the reeship
functions’ parameters. The proposed optimal turéabeme

offers many benefits for a MG frequency control hwit

numerous DGs and RESs, while the classical tuniathods
may not be applicable to provide a desirable paréorce over
a wide range of operating conditions.

The proposed intelligent PSO-fuzzy Pl control desig

methodology is used for secondary frequency coirain ac
MG. To demonstrate the effectiveness of the prapasatrol
schemes, the result is compared withphee fuzzy Ptontrol
method as well as classical Pl control design uZiiegler—

Nichols technique. In the developed tuning algorithm, the
physical and engineering aspedsMG systems have been

cannot provide the assigned desirable performandele, if

the on-linethe PI controller can be able to track the charggesirred in

the power system, the optimum performance will beags
achieved.

TABLE |
Parameters of the MG case study.
Parameter Value Parameter Value
D 0.015 (pu/Hz) Ty 0.08 (s)
2H 0.1667 (pu/s) T; 0.4 (s)
TrEss 0.1(s) Tijc 0.004 (s)
ThEss 0.1(s) Tin 0.04 (s)
Trc 0.26 (s) R 3 (Hz/pu)




Nowadays, fuzzy logic because of simplicity, roests
and reliability is used in almost all fields of eoce and
technology, including solving a wide range of opzation
and control problems in power system control andrafon.
Unlike the traditional control theorems, which @&ssentially
based on the linearized mathematical models ottmérolled
systems, the fuzzy control methodology tries t@laih the
controller directly based on the measurements, -teng
experiences and the knowledge of domain expertsitgrs.

There are several possible fuzzy logic controlcitmes for
the control design in power systems,
significantly from each other by the number andetgp inputs
and outputs, or less significantly by the numbed &ype of
input and output fuzzy sets and their membershigtfans, or
by the type of control rules, inference engine, ahe
defuzzification method. In fact, it is up to thesdmer to
decide which controller structure would be optinfiat the
controller synthesis problem. The applications wfzy logic
in control systems can be classified into two nwategories:
i) using fuzzy logic system as a dynamic controligrusing
fuzzy logic alone or together with another intedlig/searching
algorithm as a primer for tuning the gains of éasting Pl
(or PID) controller. Different types of adaptivezhy logic
controller can be found in [14-17]. Here, in ordercontrol of
Microgrid system frequency, second category has bsed.

In this section, the traditional Pl controller feecondary
frequency control is tuned by well-knowiregler—Nichols
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Fig. 1. Single-line diagram of the ac MG case study
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Fig . 2. Simplified ac MG frequency response model

method. Then, pure fuzzy PI controller is also glesd. The
results will be compared with the on-line PSO-fubased PI
design methodology in the next sections.

A comprehensive study on classical PI/PID tuninghods
like Ziegler—Nichols have been presented in [18%ind the
Ziegler—Nichols method, the PI parameters are pbthias
given in Table 2.

As described before, for achieving better perforoearthe
fuzzy logic is used as an intelligent method. Tinez¥ logic is
able to respond to the inability of the classictoolrtheory for

some differingcovering the complex system with their uncertamtand

inaccuracies.

The control framework for application of fuzzy logi
system as an intelligent unit for fine tuning ddditional PI
controller is shown in Fig. 3. The fuzzy PI conkeolhas two
levels which the first one is a traditional Pl cofier and the
second one is a fuzzy system. As shown, the igesili fuzzy
system unit uses frequency deviation and load peation
inputs to adjust the PI control parameters. In ptdepply the
fuzzy logic to the isolated MG system for tuning #l control
parameters, a set of fuzzy rules consisting oful8sris used
to map input variabled\f (frequency deviation) antiP, (load
perturbation), to output variable, (proportional gain) and
K; (integral gain).

The set of the fuzzy rules are given in the Tablehgre
membership functions corresponding to the input angbut
variables are arranged as Negative Large (NL), Nega
Medium (NM), Negative Small (NS), Positive SmallS)P
Positive Medium (PM), and Positive Large (PL). Thegve
been arranged based on triangular membership mthat is
the most traditional one. The antecedent partsach eule are
composed by using AND function (with interpretatiaf
minimum). Here, Mamdani fuzzy inference system lisoa
used.

As will be shown in section 1V, the fuzzy PI corteo has
proper performance in comparison with the classicathod,
but its performance depends highly on the membershi
functions.

Without precise information about the system,
membership functions cannot be carefully selected] the
designed fuzzy PI controller does not provide optim
performance in a wide range of operating conditions

TABLE Il
P1 control parameters using the Ziegler—Nicholshoét
Controller parameter Value
Kp 4.095
K; 21.84
of ko
AP, k
Fuzzy system
fref ( of
. LPI controller plant

/

Fig . 3. Fuzzy PI based secondary frequency control

the



TABLE 1lI
The fuzzy rules set
Af
NL | NM | NS | PS| PM | PL
S NL | NM | NS | PS| PS | PM
M NL | NL | NM PS | PM | PM
L NL| NL | NL | PM | PM | PM

Without precise information about the system,
membership functions cannot be carefully selectad] the
designed fuzzy PI
performance in a wide
Therefore, a complementary algorithm is used toinenl
regulating of membership functions.

The optimal performance of a fuzzy system is highly

related to the parameters of membership functidhsre are
several approaches toward the membership
adjustment such as trial and error which is a simsthod and,
online regulating membership function method thaesu
complementary intelligent optimizations. In thisppa, for
online tuning of membership functions employedha fuzzy
PI1 controller, the particle swarm optimization (BS€used.

The PSO algorithm is an optimization technique tase
the probability laws, which inspired from the natumodels.
This algorithm is classified as direct search mdshand is
used to find the best response of the optimizgtiablems in
a given search space [181].

According to the above discussion, what this redear

investigates is designing an on-line adaptive ailetr, using
fuzzy logic and PSO, for the purpose of frequereyutation
in an ac MG system. The overall control framewarkdnline
adjusting of membership functions for the fuzzyesjlbased
on the PSO technique is shown in Fig. 4.

Considering the purpose of the algorithm whichoidind
the extremum point of the cost function, if the tcsction is
not properly selected, the algorithm will be stoppe the
local extremum points.

IV. SIMULATION RESULTS

For comparing the classical, fuzzy Pl and the P&&yf
PI controllers, several simulation tests are cdrdat and the
performances of the proposed control methods aatuated.
To illustrate the dynamic response of the MG systéme
closed-loop system is examined in the face of aiptelstep
load disturbance which is plotted in Fig. 5a. TheGM
frequency response using the conventional, fuzzgridl PSO-
fuzzy PI (optimal PI) controllers in the face of liple step
load disturbance is shown in Fig. 5b.

Af, and AP, are MG frequency deviation, and load

disturbance, respectively; which their values axemyin p.u.
As shown, the proposed optimal PSO fuzzy PI colerol
regulates the system frequency following the ineami
disturbance quite better than the pure fuzzy Pldaskical Pl
controllers.

the

controller does not provide optim
range of operating conditions

functio

1 PSO | /
API, 1(,

I - PI Controller Plant —
ref TN L

/

Af

Fig. 4. Closed-loop system with PSO-fuzzy PI cdtgro

Power system parameters are constantly changinglsad
ay degrade the closed-loop system performanceuséy.
s indicated in the previous sections, one of thainm

advantages of the intelligent control methods ibustness
against environmental and dynamical changes. Fowisig
the adaptive property of the PSO-fuzzy PI contrpliee main
power system parameters, in the frequency resporeel
(Fig. 2) are significantly changed according to [Eab} and 5.

The closed-loop frequency response after applyirese
changes to the MG system parameters, are showig.i% nd
Fig. 7, respectively. Fig. 6 showa that the coniograt
controller cannot handle the applied parametersugetion.
From Fig. 7, it can be seen that difference betwtsn
proposed optimal PSO-fuzzy PI controller with otharo
controllers is more significant for a higher rarafeparameter
variation.
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Fig. 5. a) Multiple step load disturbances, b) M&fiency response.



TABLE V
Uncertain parameters and variation range

Parameter Variation range Parameter Variation range
R -60% T, -62%
D -55% Tress -55%
H +48% Tepss -50%
T, -53% [1]
TABLE IV

(2]

Uncertain parameters and variation range

Parameter | Variationrange | Parameter| Variation range
R +45% T, +50% [3]
D -40% TrEss -45%
H +55% TgEss +55%
T, -50% (4]

(5]

===+ Conventional Pl controller
0.015r == Fuzzy PI controller 7
=—PSO0-Fuzzy PI controller
0.01F H
(6]
0.005 H 1
5
0 H - [71
-0.005 g [8]
001 4
I I I I I I I I ol Las [g]
15 2 25 3 35 4 45 5 55 6 65 7
Time (s)
Fig. 6. Frequency response according to the pasmehanges shown in
Table 4. [10]
x10°
5F B =
—————————————— [11)
7 [12]
=—PSO0-Fuzzy PI controller
*=** Conventional Pl Controller
. . L Fuzzy Pl controller
3 4 5 6
Time (s)
. . . [13]
Fig. 7. Frequency response according to the pasamehanges shown in
Table 5.
(14]
V. CONCLUSION
[15]

In this paper, following a brief review on Micréds and
their control loops, the reasons for control ofséhanetworks
are highlighted and some previous achievements argi6]
mentioned. An important issue raised in the ac Mjads is
frequency regulation in the presence of disturbance
uncertainties and load changes.

In practice, simple PI controllers are commonlycdusieat
provide a poor performance in the presence of ggrio
disturbances. In response to this problem in tlesqat paper,

(17]

(18]

an adaptive control method is used to control thguency of (el
an ac Microgrid system. This controller has two elsv
including a classical Pl controller and a fuzzyteys which  [20]
improve the coefficients of the PI controller dgrirthe
simulation time. Because of severe dependenceeofurzy |21

systems on their membership functions, particle rswa
optimization algorithm is used to improve the mersh@
function parameters.

The
effectiveness of the proposed PSO-fuzzy Pl conchnique
in comparison with two other design methods.

performed simulation tests demonstrate the
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