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Abstract

This paper presents modeling and control of a kybistributed energy sources including photovoltaic
(PV), fuel cell (FC) and battery energy storage $BEn a microgrid which provides both real and
reactive power to support an unbalanced utilitgd gfihe overall configuration of the microgrid indlng
dynamic models for the PV, FC, BES and its powectebnic interfacing are briefly described. Then
controller design methodologies for the power ctioding units to control the power flow from the
hybrid power plant to the unbalanced utility grie @resented. In order to distribute the power betw
power sources, the neuro-fuzzy power controllerbie®n developed. Simulation results are presented t
demonstrate the effectiveness and capability ghgsed control strategy.
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1. Introduction

Integration of distributed energy resources (DERjtsuwith energy storages has brought about the
concept of microgrid [1-3]. A microgrid is defined a cluster of energy sources include wind turbine
photovoltaic, fuel cell and loads, serviced by stribhution system, and can operate in the grid-eoted
mode, the islanded (autonomous) mode and ride-ghrbetween the two modes [4].

Combining the non-dispatchable renewable energycssulike solar energy with dispatchable energy
sources like fuel cell and energy storage makeb#st use of the advantages of each individual devic
[5]. Hybridization of fuel cell with PV will therefre form a very reliable distributed generation wehthe

fuel cell acts as back up during low PV output [Bhe energy storage can be used to supply high
transient energy and thus greatly improve systemaahycs [7]. A microgrid can be strategically plactd
any site in a power system (normally at the distitn level) for grid reinforcement, thereby defiegror

eliminating the need for system upgrades and inpgogystem integrity, reliability, and efficiency.



When connected to a utility grid, important opematiand performance requirements are imposed on
microgrid.

The main challenge in operating such hybrid sysiethe coordination of the numerous generators for
sharing the real and reactive power output anddnérol of system frequency and voltage.

Up to now many studies have been presented foraicemidd management of microgrid. Some of them
have concentrated on the operation of control egfas in microgrid [8-10]. In these researches, the
modeling of microgrid and implementation of contsitategies have not been considered. In other
investigations, only the control of power electmobnverters in microgrid has been discussed [11-14
However, in order to power control of microgrid i necessary to study the whole system with
considering the dynamical and physical propertiegach power sources in microgrid and the power
electronic converters.

Hence, in this paper, power management strate@yrafcrogrid in grid connected mode is introduced.
First, dynamic model of hybrid renewable energyrees in a microgrid is presented.

The hybrid power plant is interfaced with the tyilgrid via boost dc/dc converters and a three-phas
pulsewidth modulation (PWM) inverter. The models fbe boost dc/dc converter and the three-phase
inverter together are also addressed. The ovairallis to split the active power flow between hglbri
power sources and control of active and reactivegpoof this microgrid while taking into account
component and system constraints. A control styategreliable power sharing between power sources
in the microgrid is proposed and simulation resalts shown with real and reactive power control

capability.

2. Proposed Structure of Microgrid based on Hybrid Renewable Power Sources

The dynamic modeling of Hybrid Renewable Power SesifHRPS) system is an important issue that
needs to be carefully addressed. To study the meafoce characteristics of HRPS systems, accurate
models of fuel cell, photovoltaic and battery eesgorage are needed. Moreover, models for the
interfacing power electronic circuits in a HRPSteys are also needed to design controllers for the
overall system to improve its performance and teetreertain operation requirements. To meet the
system operational requirements, a HRPS systensnedtk interfaced through a set of power eleatroni
devices. Fig.1 shows the block diagram of the HRRposed in this paper that connected to mainigrid
Point Common Coupling (PCC). The mathematical nedelscribing the dynamic behavior of each of

these components are given below.
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Fig 1: Hybrid Renewable energy sources in a mi¢dogr

2.1. Fuel Cell Model

Fuel cells are static energy conversion devices ¢havert the chemical energy of fuel directly into
electrical energy. The model of fuel cell powernplased in this study is based on the dynamic PEMFC
stack model developed in [16]. The performanceuef €ell is affected by several operating variabées
discussed in the following. This model is basediomulating the relationship between output voltagd
partial pressure of hydrogen, oxygen, and watee Nernst's equation and Ohm'’s law determine the

average voltage magnitude of the fuel cell statie llowing equation shows the voltage of the fadl

stack:
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Where:

N is the number of cells connected in series;

Rint is the internal resistance of fuel cell stadj [

E, is the voltage associated with the reaction fresrgy;
R is the universal gas constant;

T is the temperature;



| is the current of the fuel cell stack;
F is the Faraday's constant.

P12, P20, Poz are determined by the following differential eqoas:

Pr, == (P, +K—(q:?2 — 2K, 1))
H, H,
' 1 2
Ph,0 = _t_(PHzo +K— Kilt)) 2)
H,0 H,0
Po, = ‘,[—(Po2 +K_(qu K1)
02 02

Where,q}j‘2 and qg‘z are the molar flow of hydrogen and oxygen and wtibe K constant is defined

by the relation between the rate of reactant hyelmand the fuel cell current:
Nl
r _'No' _—_
G, =5 = 2K, | 3)
Moreover, a simple model of reformer that generhyesogen through methane has been considered. The
model is second-order transfer function. The matteral form of the model can be written as follows:

Qy, _ Ccv
,7,S +(r,+7,)s+1

(4)

Omethane
Where
Omethane 1S Methane flow rate [kmol/sec];

CV s conversion factor [kmol of hydrogen jrerol of methane];

11, T, are reformer time constants [sec].

2.2.Photovoltaic Model

The photovoltaic arrays (PVs) are an attractiveeamwf renewable energy for distributed urban power
generation due to their relatively small size anikeless operation. Their applications are expetded
significantly increase all over the world. The mostmmon PV model used is the one diode model. The
model used in this paper is the one diode modelsetemuivalent circuit is shown in Fig.2. An initial
understanding of the performance of a solar cejl b&obtained by considering it as a diode. Thiatlig
energy, which is in the form of photons with theagpriate energy level, falls on the cell and gates
electron-hole pairs. The electrons and holes grarated by the electric field established at tmetion

of the diode and are then driven around an exteimalit by this junction potential [17].
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The PV cell can be modeled as a diode in paraliti & constant current source and a shunt resistor.
These three components are in series with thessezséstor. The output terminal curréng equal to the
light-generated curremg, with subtracted diode curreigtand the shunt-leakage currégpt

—l 4 5)

The series resistandesrepresents the internal resistance of the curtent, fand it depends on the p-n
junction depth, the impurities and the contactstesice. The shunt resistarRg is inversely related to
the leakage current to the ground. In an ideal B/ Rs= 0 (no series loss), aRl, = 1 (no leakage to
ground). The PV cell conversion efficiency is stmgito small variations ifRs, but is insensitive to
variations inRy,. A small increase iR can decrease the PV output significantly. In theiedent circuit,
the current delivered to the external load equadscurrent,, generated by the illumination, less than the
diode currentp and the ground-shunt currdgt The open circuit voltage of the cell is obtained when

the load current is zero, i.e., whiep= 0 and is given as:
Uoc =U +IRg (6)

Where, Uis the terminal voltage of the cell [V].

The diode curren, is given by the classical diode current expresEiSit

I, = |d[—qu°c -1}
A KT

Where

()

l4 is the saturation current of the diode,



q is electron charge = 1:8.0"° Coulombs,

A is curve fitting constant,

Kg is Boltzmann constant = 1.8802% Joule/ KT
T is temperature’K].

The output current is given by [18]:

U U
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Where:
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Where
I, U cell output current and voltage,
los cell reverse saturation current,
B ideality factor of p-n junction,
K, short circuit current temperature coefficientk K= 0.0017A/°C,
G solar irradiation inV/nf,

lscr short circuit current at 2& and 1000V/n2,

[oh light generated current

Eco band gap for silicon,

T, reference temperatur€=301.18K,
lor cell saturation current &t,

Rsn shunt resistance,

R series resistance.

Iscr the current at maximum power poifihg), the voltage at maximum power poilt,f,), and the open
circuit voltage of the cell,, are given by the manufacturers.

The photovoltaic module operates at on the V-l abtig@ristics that are determined by the load. Sihee
power harvested from the photovoltaic module ifedént at different operating points it is impottémat
the load is matched in such a way that maximum pasvebtained from the photovoltaic module [19].
The simplest and widely known algorithm is the pdytand observe algorithm. It works by periodically
changing the array terminal voltage and comparirey dalculated power with that from the previous
samples as shown in Figure 3.11. There are oth®eraus and more complex and efficient algorithms

and a comparative study has been done on thesdtlahg® [20].
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2.3.Boost DC/DC Converter Model

The role of boost DC/DC converters is to providevpoto the user in a suitable form at high efficign
Power electronic converters are needed in PV aaldckll systems to convert DC voltage to the resgliir
values. Fig.4 shows the DC/DC converter model. Boigst converter is described by the following two

non-linear state space averaged equations [21]:
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Fig.4. Boost DC/DC Converter Model
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Where “d” is the duty cycle of the switching devicelJ” is the input voltage, “i”

i”" is the inductor

current, ‘V¢" is the output voltage andg’ is the output current.

2.4.DC-AC Converter Model

A three-phase equivalent circuit of voltage soucomverter (VSC) is shown in Fig. 8. To reduce

harmonics, LCL filter is connected between the ester and the grid [19]. The dynamic model of the

three-phase VSC is represented in:

di )

d_l: = _%Ilk +Z(Vik ~Ver)

di, R,. 1

—2k =2+ (v, -~V 14

dt L2 2k I—1( ck sk) ( )
av, _. .

Cfd_tk:|1k_|2k



Wherek={a, b, c}.
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Fig.5. Three-phase dc/ac voltage source inverter
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3. Power Flow Control

Power flow control from hybrid power sources todbAC bus and to/from storage devices is requioed t
maintain power balance at all times while satigfyiihe active and reactive power demanded by ttek loa
Equation (13) gives power balance expressionsghatild be satisfied both at the DC-link and at the
PCC at all times. The rate and magnitudéuet cell powerP:c and rate, sign and magnitude of battery
powerPg,: depend on the magnitude and how fast the load &sang

PMG = PPV + PFC + F?Batt

I:)Load = I:)MG + I:)Grid

QLoad = QMG + QGrid

According to the control strategy proposed in gaper, P o andQy.ag are made equal @ andQyer SO

(14)

that the hybrid power system output follows thedlomand under normal loading conditions Bagh
and Qgrig are zero. If the local load demand exceeds theidyower system capacity, the rest of the
power is supplied from the grid. Fig.6 shows therall structure of the control strategy.

The control strategy also keeps the DC-link/batteritage within a band around the nominal DC-link
voltage to keep the inverter in synchronism with ginid.

The following differential equation for DC link p@w balance is given:

dv
Cdcvdcd_:C: Pret Fovt Fear™ Farig (15)
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According to the equation (31), in order to regeildte dc link voltage it is necessary to keep theqy
balance in dc link. In this equation, the changgrid power is considered as disturbance duringaad
power variations. Moreover, to meet the power badan DC link it is important to consider the dyriam
limitations of fuel cell power. In this case, thef cell power could not change rapidly and thd s
controller with DC-DC converter should regulate tierating point of fuel cell. The details of full
and DC-DC converter control strategy are preseimtext part. But the amount of power that showdd b
absorbed by battery energy storage to balancedwerpn DC link is very important and it depends on
the DC link energy. The DC link energy measuremientarried out by means of the following
calculation:

1 2

Eac(K) =(5) CoVad B

2 (16)
In this paper, a power flow control structure hasrbdeveloped for hybrid power sources during gelta
sag. It is based on fuzzy logic control (FLC) sigst that determines the battery energy storage powe

according to the following inputs:
&(K) = B (R~ BB
Ae(k) = € B~ € k1) a7)
WhereE,..f is the reference dc link energy which is calcudig reference dc link voltage.

Hence, it is essential to design robust and stzdoiérol strategy to guarantee the stability ofdbdink of

hybrid system. For this purpose, a fuzzy neuratrobstartegy is devloped [22].
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In proposed neuro-fuzzy control strategy, for eagiut, four fuzzy subsets have been used. Theséere
(zero), L (low), M (medium) and H (high). For eazhthese fuzzy sets, a gaussian membership function
has been used. As each of the two inputs has fthsess, there are altogether 16 control rules én th
neuro-fuzzy logic controller.

The neuro-fuzzy algorithm uses membership functiohgaussian type. With gaussian fuzzy sets, the
algorithm is capable of utilizing all informatioromtained in the training set to calculate each rule
conclusion, which is different when using triangufzartitions. Figure 8 illustrates the neuro-fuzzy
scheme for an example with two input variables ¥ and one output variable (y). In the first stade o
the neuro-fuzzy scheme, the two inputs are codifi#gd linguistic values by the set of gaussian
membership functions attributed to each variabhe Fecond stage calculates each rflét®respective
activation degree. Last, the inference mechanistight® each rule conclusion”, initialized by the

cluster-based algorithm, using the activation deg@mputed in the second stage.

First Stage I Second Stage Inference mechanism

|
|
ON e o 1
l !
Error b g ! Yor
L l
© | Rz' Non-linear |Your O error
>() |' Z R System _i
. : |
AError | |
I— 1] ‘ N |
M | Adjust of the conclusion values |
} _:" by the gradient-descent method |
> |
|

Fig.8. The neuro-fuzzy scheme

The error signal between the model inferred vafuand the respective measured value (or teaching
value)y', is used by the gradient descent method to adpct rule conclusion. The algorithm modifies
the values of»” to minimize an objective functioB usually expressed by the mean quadratic error (15)
In this equation, the valug(k) is the desired output value related with the ctomdivectorx'(k) = (x,
X2y ... Xn). The elemen (x'(k))is the inferred response to the same conditiotoveik) and computed

by Equation (16).

E :%[Y(x'(k)) -y (K2 (15)
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Equation (17) establishes adjustment of each csimiaw” by the gradient-descent method. The symbol
o is the learning rate parameter, andhdicates the number of learning iterations exeduiy the
algorithm.

w('>(t+1):w(')(t)—aaa% 17§
w

The inference function (16) depends ®fi only through its numerator. The expression compshe
numerator is now denoted byand is shown in (18).
a:Z[rJ g, (% (k))}w"’(k) (18)

1=\ j=

The denominator of function (16) is dependent cermd®, defined in (19), and denoted byn (20).

m

d® = |‘l u Ai(.:)l(x'j (k) (19)
j=

b= (") (20)
1=1

To calculate the adjustment of each conclusionevall}, it is necessary to compute the variation of the
objective functionE, 6E , in relation to the variation that occurredaf in the anterior instanfiw.
Therefore, using the chain rule to calculgf# dw" results in expression (21).

OE__OEQY da
e 0Y da gt

(21)

The use of chain rule looks for the term contaiiredt that is directly dependent on the value to be
adjusted, i.e., the conclusion valw€. Therefore, we can verify by chain equation (2t it starts with

E dependent oY value, theY value depends on termand, at last, the expressians a function ofn".
After some computation, the adjustment to be madei can be interpreted as being proportional to the
error between the neuro-fuzzy model response amd stipervising value, but weighted by the

contribution of rulg(l), denoted by®, to the final neuro-fuzzy inference.

WV t+) = () -0 (Y(x (kz) -y (k)d® 22)

PCID)
1=1
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Next, a convergence theorem has been developashtamee the stability of learning algorithm used f

the above-mentioned FNN [14]. A lyapunov energycfion is defined as follows:
Vk=Jk=%E|f. [23
From equation (23), we can get

Av :Vk+1 _Vk = % (EI%+1 - Elg) (24)

The error differencedE,, can be defined as

0E,
AE, =E 4 —Er =—Aw,
k kel Bk T (25)
where Aw= wy,; -, =-aE, aai; (26)

Using equation (24), we can get

1
AV :E(Ekﬂ —Ey)(Eks1 +Ey)

1 (27)
:E(AEK)(ZEK +AEy).
Substituting equation (26) into equation (27), ve@en
AV :laﬂaEk ai (_2Ek +aiarEk ai
2 dw ow ow ow (28)
-1 9Bky2l 9Bk 2 2 _
= 2(Ek aa)) {( aa)) a 20'}

If AV<0, the convergence of the algorithm described iragqa (28) can be guaranteed. Therefore, we

have

2
(ﬂ] a®-2a<0. (29)
ow

From equation (29), we can obtain

O<a<

(30)

3.2. Control of Fuel Cell Subsystem

The fuel cell reference power is generated as iffer@hce between the load power demanded minus the
PV power. An additional power proportional to thffetence of battery reference voltage and theenirr
battery voltage is generated by an outer loop gelteontroller to charge the battery. This additiona

power is then added to the fuel cell reference paleenanded from the load to generate the overall fu

13



cell power reference. A proportional controllesigficient for batteries with flat voltage profiles in Li-

ion battery. Fig.7 shows the control strategy effilrel cell subsystem.

Battery
¢ ococ | _1T
Fuel Cell Converter T

IFC-ref +Vbutl—nef

f 1 | Preaer i
| —
Ve

Magnitude and
rate limiter

P ref

Fig. 7.Control of fuel cell subsystem

In order to design control strategy for fuel caliwer plant, two parameters should be considered and
regulated. These parameters are hydrogen flow dicgprto output power and fuel cell current.
According to the equations (2) and (3), to contrirogen flow from the fuel cell, a feedback frone t

r
stack current is considered. Equation (3) showg thea reacting fuel quantitg,HZ, is directly
proportional to the output currenf, the factoK; being a cell constant. Hence, the desired utitinaits

translated to corresponding output current demand:

o 2K,
I—r:z = I demand (6)
U f,opt

A proportional integral (PI) controller is useddontrol the flow rate methane in the reformer. @aty
flow is determined using the hydrogen-oxygen floatia ryo. The control strategy for reformer is
illustrated in Fig.3.

In the proposed control structure, choosing tharobeystem parameters affects the system perfareman
So it is important to design PI controller propefynother important parameter that must be cordoll
properly is fuel cell current. For this purposdyamst DC-DC converter is selected for fuel cellarter.
The current mode control of DC-DC converter hasbesed to regulate the fuel cell current. A typica
range ofU; is 80-90% [4], which ensures that the operatidinaits mentioned above are observed. The

corresponding limitation for the demand currenthien calculated as following equation:

14
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&:IHZ = I fc_min SI fc_ref SI fc_max ™~ gq (7)
2K - - oK

r r

To obtain transfer function of fuel cell currentoppand apply classical control analysis and design
methods (such as Nyquist criterion, Bode plots)dnverter controls, the following transfer functican

be investigated based on the state space sigraalsnof boos DC-DC converter model [3,16]:

( )_ FC(S) — 1 2[5{ CO) + LO(l D)] (8)

"9 T2, R, @-DF
L LC

The control structure for fuel cell current withshbeeen shown in Fig.4. In this structure, the fiems

function of PWM block can be modeled as:

1
TPWM = (9)

K PWM

3.3. Contral of Grid Connected Voltage Sour ce Converter

Control of grid connected voltage source convagem important problem during voltage disturbances
It needs fast current controllers to track the enirreferences according to change in active aactive
power during the fault. The current controllerdigethis paper consists of two vector current callgrs
based on Sliding Mode Control (SMC) that reguldte positive and negative sequence currents
separately and are implemented in two differerdtiog coordinate systems. The need for regulatieg t
positive and negative sequence currents is refatddeating the unbalance voltage conditions.

A simplified scheme for the proposed control sgggtes shown in Fig.9. The three phase grid currents
and voltages are sampled and transformed intodsitipe and negative sequence components. The
positive and negative sequence of dg-componentshare used along the with the reference current
signals to produce the reference voltage signalshi® PWM regulator. A sequence separation method
(SSM) is needed to extract positive and negatigeiegces. Delayed Signal Cancellation method (DSC)
is probably the best suited SSM [10]; but produttassient oscillations at the start and end pedbd
voltage sag [5]. The layout of this method is iftated in Fig.10. The abc system is first transfedrinto
stationarya reference frame using Clark’s transformation, #reh it is delayed for T/4. The positive
and negative sequences can be calculated by addisgbtracting the present real-time signal with

delayed signal in the following way:
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According to the proposed control strategy, thgpse of the current controller is to synthesizeltage
correction vector so that the current error vector be kept to a minimum value.
In this paper, the current controller has been @mgnted by using SMC technique due to its robustnes
and overshoot-free fast tracking capability [20].
The SMC is a nonlinear control approach which caespWith the nonlinear characteristic of a power
electronic converter. Such control technique isusbleven against the plant parametric variationcam
compensate the modeling approximations. Also, itharacterized by a good dynamic response. In
addition, the SMC is simple to implement.

According to the dynamic model of inverter given(14), the state space equations of the system
can be written as (16).

X(t) = AX(9) + BU+ EY, (16)
Y(t) = CX(Y

where the state variableXs the control input and grid voltagd/, and given in (17-19).
—|:p ip:n n T
X _|:|2d l2q I2d |2q:| 17)

u=[ug ueugull (18)

(19)

.
Vg :[Vg% Vaq Ve ngJ

For the control plant given in (16), the slidingde control law can be derived as follows. To ket t
current outpu track the reference inpijt;, a sliding mode manifold can be chosen in the fofif20).

qu | p | p, ref
) _| 2dq _ 2dq
[quj| _[in in,ref (20)
n 2dq 2dq

Whereij;* andiz: are the specified current vector commands foptisitive and negative sequence

of dg-components.

The sliding mode can be reached if the control titift) is designed to be the solution of (21):
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d _
aS(t) =0 (22)

The control law satisfies (21) is called equivalemtrol and is given by (22)
Ueq(t) = (CB) ires = CAX() ~ CEVY( X (22)
In order to generate proper current referencessidenthe complex apparent power from the grid:

Sy = (Vg€ + Vigg€).(f4 €8 + ] &) =
(P + P,..cos(2wt )+ P,, .sin(2t )} (23)
j(Q +Q,..cos(2wt )+ Q,, .sin(2wt ))

By expanding (23), the following expression in matorm can be written:

- P PP
P_(Vsd'|2d+vsq I2q+vso'|2 d+Vsq2 )

Q= (Vp Ay = Vgl qT Vsq'z i Vs )

— p P p
c2 (Vsd 2d+ Vsq'|2q sd|2 d+v sdz J
e o (24)
- (Vsd'IZq_Vsq'IZ d_ sd|2 q+v erZ )
' —yP N _ p
( Vsd I2q Vsd I +Vsq’ 2d)

(Vsd 2d+V2q'|2 q_vsdlzpd_v erZ )

Where P and Q are the constant active and regotwer, respectively, while the subscripts &d R,
represent the second harmonic sine and cosine gmnpof the active power. These are the oscillating
active powers due to the unbalance in the gridagel. During generating the reference currents, the
oscillating reactive powers ¢Q Q.9 cannot be included in the calculation. Thereftresimplify the
calculation and work with an invertible matrix (9xéscillating reactive power is not controlled amidl

flow through the system [5].

Hence, the reference currents can be calculatédlow:
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. p* | B 71
|2pd Vspd VSq Vr;d \/1sq P*
izp(; _ Vg Ve Veg™ Vig Q (25)
'2:1 ng _VZd _ng Vr;d _Apsz
_i;;_ ng qu ng VZq _AR:Z
AP =2x (R + R)x ((E,)" + (i5,)" + (i) + (i%)") (26)
AR, = 2% (R + R)X (By. T + iz 5) + 2¢ wx LX (1 35 50~ 3 20) (27)

AP, = 2% (R+ R)X (By- by = ipqi50) + 2xawx (Lt Lx (Fi% 175 1 5i7) (28)

This algorithm calculates current references biirggictive and reactive power references @),

and by forcing the oscillating active power demahds the filter to be delivered from the grid

(P, =—APR,; P, =-APR,). Then, no oscillating active power flows betwélea dc link and the filter.

The phase locked loop (PLL) estimates the gridagatphase angle which is then used to synchramize t
inverter output voltage to the grid.

4., Simulation Results

To evaluate the effectiveness of the proposed cbnstrategy, the system is simulated in
SIMULINK/SIMPOWER over a 100sec of real and reaetivad profiles.

The choice of the DC-bus voltage depends on thpubwibltage of the inverter required which should
give the grid voltage. The relationship between (i link voltageVy. and the line-to-line RMS grid
voltageV|, ac, wherem, is the modulation index in the linear region, iseg in (23)[24].

Ve 2 £3VLL ac T voltagedrop: (23)
m, ,

Assuming filter impedance drop of 5% of grid vokaand to give an output voltage of 400V at PCC, the
nominal DC-link voltage was chosen at 720V.

Seven strings of each 16 series modules are usgebtide a PV peak capacity of around 25kWp. The
PV modules are the same as the one modeled iBdttiTo test how the control strategy reactsdor

varying PV output profile, the irradiance over 3@@svas assumed to have variation.
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Twenty one 1.2kW, 12-21V PEMFC stacks which are ghme as the one modeled in section Il were
stacked in series to provide 25kW power at ratestaifon. This provides a full back up to the PVidgr
zero PV output. At rated operation the fuel cedickt voltage at the input to the boost converter is
21x12V=252V.

A 11Ah Li-ion battery bank stacked out of the sazeltis modeled in section Il is used to form the DC-
link. This battery bank has a full charge voltageumund 726V and a 50% SOC voltage of 710V. This
voltage band is sufficiently within the inverterevpting area. The flat voltage profile of the hatteank

is controlled from the DC side as explainedilirB.

Figs. 9 and 10 show the active and reactive loagep® and the power delivered from the hybrid power
and the grid. Both show that balance of power tsfead. All the reactive power demand is supplied
locally from the hybrid power system enabling th& do operate at unity power factor. From 50 to
200sec, where the capacity of the hybrid poweresysts exceeded, the remaining 10kW of the active
power is supplemented by the grid. For the redghefprofile where the load is less than or equal to

40kW, all the demand is covered by the hybrid posystem.
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Fig.9 Active load, microgrid and grid power
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Figs. 11 and 12 give the microgrid power trackimgfgrmance of the inverter controller. It is sebatt
the controller quickly tracks the reference poweits only small overshoot.

Fig.13 shows the load current sharing between iffereht power sources and energy storage all reder

to the DC-link. Initially, the load active power ssipplied from the PV and the fuel cell. Since itiital
battery state of charge is 75%, the fuel cell adlgr requests additional charging power to theepgat
depending on the difference between the DC-linkrezfce voltage and the battery voltage. At t=50sec,
the active load power suddenly increases from 28&\WB0kW and stays for the next 200seconds. At first
the battery responds to the instant transient ligkyudecreasing its charging current while thel foell
steadily goes to its maximum output (25kW). Sinte tmaximum capacity (including the battery peak
shaving capacity) is only 40kW, the rest 10kW addopower is provided by the grid. From 150 to
200sec, the PV output is very low and the reshef40kW microgrid power is provided by the battery.
After 200s the PV output increases and the battersent decreases eventually going to charging mode
Starting from 250sec, the fuel cell begins to stnd and decreases its output since the batterg tme

full charge reference voltage of 720V.
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Fig. 14 shows the battery voltage during the whadever profile. As shown, the power flow control
strategy on the DC side always keeps the DC-linkage within the reasonable range for the inverter.
Fig.15 shows thelq sequenceeomponents of the injected currents by the inversr shown, the fast
action of the proposed controller in supplying prosver to the grid is obvious.
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Fig. 14 Battery Voltage
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In order to show the response of the power corsh@tegy during the unbalanced voltage condition,
another simulation results have been extractedhik case, The proposed control strategy has been
examined in case of unbalanced voltage conditiénsunbalanced voltage, resulting from unbalanced
load, is applied at the grid side. The unbalancathge starts at 1.2 sec for duration of 2 sec. griek
voltage during unbalanced voltage has been showigit6.

u i m‘."‘",“m“ w

=) Y

1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5

Time(sec)

 —

%
=3
o8]
g 0
=)
>
O
Z -100

Fig.16 the unbalanced grid voltages
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In Fig.17 , the average and instantaneous actiwepduring normal and unbalanced voltage conditions
have been presented. As shown during unbalancé¢ageglthere are small oscillations on instantaneous
active power. These oscillations are related tqptioposed current control strategy that considerehlis
paper. It makes the oscillating active power trandnds by the filter to be delivered from the ghid.

this case no oscillating active power flows betwdenDC link and the filter.
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Fig.17 average and instantaneous active power arbgrid

Moreover, there are large oscillations on reacpesver that is shown in Fig.18. But the average of

reactive power is 5KVar.
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The DC link voltage is shown in Figs.19. During timbalanced voltage, there is an increase on OC lin

voltage but it is not much more than 10% of nomielle. In these conditions, to stabilize the dé&-li

power, the neuor-fuzzy controller manages the pdloar between power sources.
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Fig.19 DC-link voltage
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To evaluate the voltage regulation performance undbalanced grid voltage conditions due to a sndde

load change, the proposed dual-sequence voltageolten has been tested. Figure 23 shows the grid

W

voltage at the PCC during unbalanced voltage sag.
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Fig.23 Grid voltage at the PCC during unbalancdthge sag

Figures 24 and 25 depict the control performanceéhefproposed scheme under the unbalanced grid
voltage type C with magnitude 90%. Fig. 26 shoves3kphase voltages; which are well regulated under
the unbalanced disturbance.
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Fig.24 Positive dg sequence components of injeatecnts by voltage source converter
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Fig.26 Regulated grid voltage
Fig.27 shows the positive sequerdg components of the grid voltage, whereas Fig.28 shtve
corresponding negative sequence components. Sheeinverter interface is supporting the grid
reactively in a fast manner, only tdecomponent of the positive sequence grid voltageears, whereas
other sequence components vanish swiftly. Theafetsin of the proposed controller in regulating lihe
voltage is obvious. Moreover, the amount of averay® instantaneous reactive power is injecteditb gr
to regulate the voltage at the PCC, is present&igi29.
As illustrated, there is a limitation to inject reaeactive power for more voltage drop to compentse
voltage at the PCC. Also, the extent to which ad2@ help the grid to regulate its voltage depemdihe
DG capacity and the grid capacity.
So, the proposed voltage control strategy for sigigtem could not mitigate all kind of voltage saithw

more voltage drop than 85%.
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Fig.27 Positive dg sequence components of grichgelt
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5. Conclusion

This paper presents modeling, control and powetrabim a grid connected PV/Fuel Cell/Battery hybri
power generation system in a microgrid. SIMULINKVBHOWER was used to model the system and
simulate a power flow control strategy. PV, fuell @nd battery subsystems with power electronic
converters are modeled. Then control strategieslesigned for power electronic converters basethen
classic and fuzzy —sliding mode control. It waswehdhat the microgrid can be controlled as desioed
follow the local demand and allow the grid to operat or near unity power factor. To distribute the
power between power sources, the neuro-fuzzy psharing controller has been developed. Simulation

results are presented to demonstrate the effeetbgenf the control strategy.
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