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Abstract. In this paper, the dynamic modeling of the studied 
micro grid (MG) is presented for steady state and transient 
operation conditions. Moreover, control strategies to obtain the 
maximum converted power and stabilize the voltage under 
different operating conditions are derived. The integrated system 
under study has four key subsystems to supply the required 
electric loads. The first and second subsystems include the layout 
of the studied MG and the renewable generation sources from 
Wind turbine and PV array. The third represents the boost 
converter between the PV and the DC collection bus as well as the 
interfaced inverter to the point of common coupling (PCC) with 
the MG. The fourth subsystem comprises mainly the required PI 
controllers to regulate the modulation index of the inverter and the 
duty cycle of the boost converter for PV maximum  in addition of 
regulating the boost inverter DC link  voltage. The proportional 
and integral parameters of these controllers are tuned off-line to 
enhance the grid performance.  The integrated system and the 
associated subsystems are fully validated for efficient operation 
under normal or fault conditions using the Matlab/Simulink/Sim-
Power software. 
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1. Introduction 
 
Distributed generation (DG) is becoming an important 
research area to facilitate the utilization of green energy 
resources.  Compared with conventional power plants, 
distributed generation has less pollution and high reliability. 
Moreover, installation of DG energy resources can 
potentially postpone the demand for distribution and 
transmission expansion planning to cover the increasing 
electric demand of the consumers [1]. Interconnection of 
different DG units to distribution network forms a new 

system called MG. MGs with DG close to load centers will 
reduce the required power flows from transmission and 
distribution networks resulting in loss reduction and 
reliability increase. Micro grids will reduce also the harmful 
gas emission and mitigate climate changes. This is 
attributed to the fact that the installed DG units are based on 
renewable sources that are free emissions [2].          
Distributed generations used in micro grids are technically 
not suitable for direct energy supply to the grid. They have 
to be interfaced with Micro Grid through power 
conditioning devices and appropriate control strategies in 
order to provide the required voltage and frequency at PCC 
[3]. Wind turbine will generally operate in normal 
conditions with voltage level between 90 and 105% and 
frequency between 49-51 Hz. The penetration of distributed 
generation may violate these operation constraints. 
Therefore, the active and reactive power supplied to the 
distribution network should be continuously controlled to 
regulate the voltage and frequency of the system. Under 
fault conditions, the wind turbine would experience large 
voltage variations. The amplitude and duration of these 
variations will determine whether the wind turbine should 
be disconnected or kept in operation during fault 
conditions. MG can provide the required reactive power for 
voltage regulation and assist wind farms to continue in 
supplying active power for certain time during fault 
conditions [4].The main objective of this paper is to study 
the steady state and transient behavior of MG under varying 
loads and climate conditions. In order to assess system 
behavior a complete model will be developed to simulate 
the MG’s components including power conditioning 
system. Maximum power is tracked under time varying 
wind speed and solar radiation. The developed model was 
built in Matlab/Simulink environment. The layout of the 
studied MG is presented in Section 2 together with a brief 
description of wind and solar energy driven DG units. 
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Section 3 and 4 present the description of the boost 
converter and the interfaced inverter with their proposed 
control strategies. The studied cases with results and 
discussions are explained in Section 5. Conclusions are 
summarized in Section 7. 
 
2. Micro grid System Components and Modeling 

 
A single line diagram of the micro grid system studied in 
this paper is illustrated in Fig. 1. It consists of 22 kV 
network, 600 kW wind turbine and 200 kW PV panel. The 
average wind speed is 10 m/s at 40 m above ground level. 
The wind turbines are connected to the network through 
800kVA, 690V/22kV transformers. The turbines are 
coupled to induction generators and have fixed capacitors, 
rated speed of 12 m/s. Local loads are included in the 
system with total active and reactive power of 400 kW and 
100kVAR, respectively. The PV arrays are connected to the 
grid through DC/DC boost converter and DC/AC 3-phase 
two-level inverter. After inversion the arrays are interfaced 
to the distribution network through 6 kV/22 kV 
transformer. In the case of installing fixed capacitor for 
induction generator excitation, the system may need 
additional source of reactive power from the grid to 
enhance system performance. 

 
Fig.:1 Layout of the studied micro grid 

 

A. Fixed Speed Wind Turbine with Induction Generator 
 

The extracted power of wind turbine depends on three main 
factors: available wind power, the power curve of the 
machine and the ability of the machine's response to wind 
fluctuation. The expression for power produced by the wind 
is given by [5]: 

௔݌ ൌ ߸௥	 ௪ܶ ൌ
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Where; 
Pa is the aerodynamic power, Cp(λ, β) is the dimensionless 
aerodynamic power performance coefficient, ρ=1.25 kg/m3 
is the air density, A=πR2is the rotor swept area, Vw is the 
wind speed, ω is the blade rotating speed, λ is the tip-speed 

ratio and β represents pitch angle. The tip speed ratio is 
defined as: 

ߣ ൌ ߸	
ோ
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     (2) 

Where; ω is the rotor speed and R is the rotor radius. The 
wind turbine can be characterized by its (CP– λ).It is seen 
that if the rotor speed is kept constant, then any change in 
the wind speed will change the tip-speed ratio, leading to 
the change of power coefficient Cp as well as the generated 
power. If, however, the rotor speed is adjusted according to 
the wind speed variation, then the tip-speed ratio can be 
maintained at an optimal point, which could yield 
maximum power output from the system. 
For the modeling of the wind turbine the power coefficient 
Cp(λ, β) of eq. (3) is used, which represents the fraction of 
the power in the wind captured by the turbine and has a 
theoretical maximum of 0.55 [6]. 
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The pitch control system is one of the most widely used 
control techniques to regulate the output power of a wind 
turbine generator. The method relies on the variation in the 
power captured by the turbine as the pitch angle of the 
blades is changed. 

B. Photovoltaic Array 
 

Using the physics of p-n junctions, a PV cell can be 
modeled as a DC current source in parallel with a diode that 
represents the most effective current escaping due to 
diffusion mechanisms. Two resistances, Rs and Rp, are 
included to model the contact resistances and internal PV 
cell resistance respectively.  A solar cell equivalent circuit 
is usually represented [7], as shown in Fig. 2. 

 
Fig. 2: Solar cell equivalent circuit 

The current source Iph represents the photocurrent of the 
cell. The relationships between the PV cell output current 
and terminal voltage is given by: 
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Where; A is the diode ideality factor, k is the Boltzmann 
constant (1.3806503 × 10−23 J/K), T is the cell temperature 
in Kelvin, q is the electron charge (1.60217646 × 10−19 C), 
Irs is the reverse saturation currents of the diode, 
respectively. PV cells are grouped in larger units called PV 
modules, which are further interconnected in a parallel-
series configuration to form PV arrays or PV generators. 
Assuming high value of Rp then for an array with Ns series  
and Np parallel-connected cells, the array current may be 
related to the array voltage as [7, 8]: 
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Where; Irsis the cell reverse saturation current at 
temperature T, while Tr is the cell reference temperature, Irr 

is the reverse saturation current at Tr and EG is the band gap 
energy of the semiconductor used in the cell. The 
photocurrent Iph depends on the cell’s temperature and 
radiation as follows: 

ௌ஼ோܫ௣௛ୀሾܫ ൅	݇௜ሺܶ െ ௥ܶሻሿ
ௌ

ଵ଴଴
   (7) 

Where, ISCR is the cell short circuit current at reference 
temperature and radiation, ki is the short circuit current 
temperature coefficient and S is the solar radiation in 
mW/cm2. The PV studied system consists of 33 series and 
119 parallel modules. Photovoltaic cells vary their voltage 
output with irradiance, temperature, and current loading [9].  
 
3. Power Conditioning System 

 
The main purpose of a grid-connected PV solar system is to 
transfer the maximum power obtained from the PV panel 
into the MG independently of the climatic conditions. 
Therefore, the use of an appropriate electronic interface 
with maximum power point tracking (MPPT) capabilities is 
required. 
 
A. Boost Converter: 
 

A boost converter is a power converter with an output DC 
voltage greater than its input DC voltage. By implementing 
the PWM technique on boost converter, a stable output 
voltage from a non-stable input voltage can be obtained by 
changing the duty cycle (d) of the switched input pulse.  
The boost converter is given in Fig. 3 with a switching 
period T and a duty cycle d. Again, assuming continuous 
conduction mode of operation, the state space equations 
when   the main switch is ON are shown by, [10]. 
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The relationship between output Vo and Vin voltage is 
governed by: 
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The boost converter operation to achieve MPP of PV array 
depends mainly on the switching of the electronic devices.  

 
Fig.3: DC-DC Boost Converter 

B. PV Array Inverter 
 

The Modular Multilevel inverter (MMI) system has many 
advantages over conventional voltage source converters 
[13]. Among various modulation techniques for MMI, 
PWM is an attractive candidate due to efficient DC link 
voltage utilization, reducing commutation losses and THD 
[4,7]. The proposed inverter is a 3-phase, 2-level DC/AC 
inverter using IGBTs due to their lower switching losses. 
Depending on the gating signals, the output terminal 
voltage is either equal to capacitor voltage or zero, and can 
be expressed by: 

௜ܸ௡௩ ൌ ܰ ∗	 ௖ܸ௔௣     (11) 

Where; Vinv, N, and Vcap are terminal voltage, gating signal 
and capacitor voltage, respectively. N takes the value of 
either one or zero. In the two-level inverter the switching of 
the upper and lower IGBT generates the output voltages 
with positive and negative levels (+Vdc and -Vdc). The 
inverter is generally connected to the network at the PCC 
through the equivalent inductance and resistance, which 
represent the impedance of the coupling transformer. The 
magnetizing inductance of the step-up transformer can also 
be taken into consideration through a mutual equivalent 
inductance. The aim of the control strategy is to regulate the 
current output from the inverter to follow a specified 
reference value. This can be achieved by transforming the 
three phase output currents of the inverter to the rotating 
reference frame (dq0)[11]. The relation between the DC 
side voltage Vdc and the generated AC voltage Vinv can be 
described through the matrix in the dq-frame Sav,dq, as 
given by: 

൤ ௜ܸ௡௩,ௗ

௜ܸ௡௩,௤
൨ ൌ ܵ௔௩,ௗ௤ ௗܸ௖    (12) 

Where;ܵ௔௩,ௗ௤ ൌ
√ଷ

ଶ
݉௜    (13) 

And mi is the inverter modulation index. 
 
4. Proposed Control Scheme 

The output power of the PV cell has a nonlinear function 
with irradiance and temperature. Therefore, the power of 
the PV array changes continuously and consequently the 
PV operating point must change to maximize the energy 
produced. Generally, MPPT techniques can be classified 

https://doi.org/10.24084/repqj11.211 47 RE&PQJ, Vol.1, No.11, March 2013



 

 

in
ar
po
op
(i)
ac
ex
hi
(ii
ci
(0
(ii
ac
ad
si
O
op
(i)
co
in
(ii
al
pe
is 
vo
ot
 
A
Th
co
ne
it 
eq
th
ar
vo
m
co

ெܸ
 
By
th
ra
th
cy
th
te
cl
 
B.
A
co
vo
vo
co
ar

nto direct and 
re based on ca
ower point usin
peration modes
) The operatin
ccording to t
xample, it is ex
igher than sum
i) MPP voltage
ircuit voltage (
0.8for silicon c
ii) In some 
ccording to th
dvantage of th
mple structure

On the other si
perating point i
) The operat
onverter to trac
ncremental con
i) Second m
lgorithm, whe
eriodically in s

measured. If
oltage rising o
therwise it is co

A. MPPT Con
he constant vo
ontrol method. 
ear the MPP by

to a fixed re
qual to the VM

hat individual i
rray are insig
oltage is an ade

means that CV
onstant ratio be

ெ௉௉ ≅ ݇ ௢ܸ௖ 

y the adjusting
he operation a
anges between 
he voltage VPV

ycle of the DC/
he PV panel 
echnique is mo
limbing or the 

. Booster Cont
After determini
onverter is sw
oltage to itsM
oltage and the 
ontroller, Fig. 
rray voltage by

indirect group
alculation of P
ng sample mea
s as follows [8
ng voltage of
the seasonally
xpected that M

mmer. 
e can be calcu
(Voc) of PV ce
ells).  
systems, MPP
he azimuth an
he methods de
es. 
ide, in the dir
is determined a
ting voltage 
ck the maximum
nductance algor
method is the
ere the oper
small steps, and
f the power 
of each step, t
ontinued backw

ntrol Algorithm
oltage (CV) alg

The operating
y regulating th

eference voltag
MPP of the PV m
insulation and 
gnificant, and 
equate approxi
V algorithm 
etween VMPP an

  

g of array vol
at MPP is ach

73% and 80%
V is necessary 
/DC converter
is in low in

ore effective th
incremental co

trol 
ing the value 

witched to quic
MPP. The diffe

array output r
(4a).This PI 

y continuously

ps. Indirect MP
PV cell voltag
asurements and
, 11]; 
f PV panel ca
y variable tem
MPP voltage in

ulated by multip
ell with a cons

PT algorithms
nd altitude of
escribed abov

rect algorithms
as follows: 
is determine

m module pow
rithm.  
e well-known
rating voltag
d the change in
increases dep

tracking direct
wards [12].  

m  
gorithm is the 
g point of the P
he array voltag
ge Vref. The V
module. This m
temperature v
that the con

imation of the 
is based on 
nd Vocas given

 

ltage to this ca
hieved. In liter
% [10]. The m
in order to se

. It should be n
sulation condi
han either the 
onductance. [13

for VMPP, the
ckly force the 
erence between
represents the 
controller reg

y switching on

PPT algorithm
ge at maximum
d there are thre

an be adjuste
mperature. Fo
n winter will b

plying the ope
stant coefficien

s are designe
f the sun. Th

ve is their ver

s the maximum

ed by DC/DC
wer according t

n hill-climbin
e is change
n module powe
pending on th
tion is forward

simplest MPPT
PV array is kep
ge and matchin
Vref value is se
method assume
ariations on th

nstant referenc
true MPP. Thi
approximatel

n in eq. (14): 

 (14)

alculated value
rature, K valu
measurement o
et up the duty
noted that whe
itions, the CV
method of hill
3].  

e DC/DC boos
array termina

n MPP fractio
error of the P

gulates the PV
n and off of th

ms 
m 
ee 

ed 
or 
be 

en 
nt 

ed 
he 
ry 

m 

C 
to 

ng 
ed 
er 
he 
d, 

T 
pt 
ng 
et 
es 
he 
ce 
is 
ly 

e, 
ue 
of 
y-
en 
V 
l-

st 
al 

on 
PI 
V 
he 

IGBT
cycle.
decou
voltag
offers
condit
conve
suitab

C. VSI
A pha
in suc
is rela
and re
inject 
PI con
reactiv
displa
link c
means
match
previo
was c
by th
extrac
accord

ௗ_ோாிܫ
Wher
contro
compo
Contr
switch

5.
 
The s
displa
conne

Ts at high freq
. The fast sw
uples the dynam
ge or current fr
s good perf
tions. The o

erter is to incr
ble for grid inte

Fig4.a: Boost 

SI Inverter Con
ase locked loop
ch a way that V
atively constan
eactive power i

real power fro
ntroller to foll
ve power injec

ayed in Fig.(4.b
capacitor. A co
s that the pow
hes the power 
ously mentione
ontrolled to be
e DC-DC con

ct Id_REF from th
ding to the foll

ி ൌ 	
ଵ

௏೏
൫ܭ௣ሺ ௜ܲ௡

e KP and K
oller constant
onent of the v

roller is Modu
hing circuit of 

Fig4.b: Block 

SIMULAT

samples of inp
ayed in Fig. (5)
ecting the grid 

quency accord
witching action
mics of the PV
rom that of the
formance un

other advantag
rease the array
erconnection.  

with MPP block d

trol 
p was used to l
Vq was set to ze
nt, Id and Iq ca
injections from
om the inverte
low a specifie
ction was set t
b). The Id_REF w
onstant DC vo
wer that goes i

going out to 
ed, the input p
e the MPP of th
nverter. The P
he error misma
lowing relation

௡ െ ௢ܲ௨௧൯ ൅ ூܭ
KI are the pr
, respectively
voltage at PCC

ulation index m
Fig. 4.b. 

diagram for the Tw
 

TION RESUL

put wind spee
). 3-phase faul
with the two 

ding to the va
n of the boos
V array due its
 DC link capac

nder changing
ge of using 
y voltage to hi

diagrams 

lock on the grid
ero [8]. If the g

an be used to 
m the PV array.
er, Id was contr
ed reference si
to zero and thu
was extracted fr
ltage across th
into it from th
the inverter [
power Pinto th
he PV array ou

PI controller w
atch between P
n: 

ூ ሺ׬ ௜ܲ௡ െ ௢ܲ௨௧ሻ

roportional an
y and Vd is 
C. The output
m, which is fe

wo- level inverter 

LTS 

d and solar ra
t is applied on
PCC of the w

arying duty 
st converter 
s changes in 
citor, which 
g weather 

the boost 
igher levels 

d frequency 
grid voltage 
control real 
. In order to 
rolled using 
ignal Id_REF, 
us Iq = 0, as 
from the DC 
he capacitor 
he PV array 
11, 14]. As 
he capacitor 
utput power 

was used to 
Pin and Pout 

ሻ݀ݐሻ (15) 

nd integral 
the direct 

t of the PI-
ed to PWM 

 
VSI 

adiation are 
n the feeders 
wind turbine 

https://doi.org/10.24084/repqj11.211 48 RE&PQJ, Vol.1, No.11, March 2013



 

 

an
10
di
op

Fi
cu
co
ra
fa
ac
fa
pu

F

Fi
wi

nd PV array. T
00ms.Due to la
isplayed to sum
peration and fo

Fig. 5: Time serie

igure (6) show
urrent, active 
ondition the cu
apidly increase
ault clearing. S
ctive and reacti
ault the voltage
u and the inject

ig. 6: Dynamic res

g.7: Dynamic resp
ind-PCC (a) Volta

0
0

500

1000

S
o
la

r 
ra

d
ia

ti
o
n
(w

/m
2)

0
-20

0

20

40

60

G
ri

d
 b

u
s 

V
 a

n
d

 I 
(p

u
)

 

0
-50

0

50

100

G
ri

d
 b

u
s 

P
 a

n
d

 Q
  
(p

u
)

 

0

0.6

0.8

1

W
in

d
 b

u
s 

V
 a

n
d

 I 
(p

u
)

 

0
-0.5

0

0.5

1

 W
in

d
 b

u
s 

P
 a

n
d

 Q
 (

p
u

)

 

his fault is init
ack of space s
mmarize the sy
or a 3-phase fau

(a

(b
es of the input data

 

ws the dynamic
and reactive

urrent and pow
ed and return b
Similarly, Fig.
ive power inje
e magnitude at 
ted wind powe

(a

(b
sponse of the grid 

active and rea

(a) 

(b) 
ponse of wind en

age and current (b)

1 2
Ti

1 2
T

1 2

T

1 2
Tim

1 2
Tim

tiated at 1.5 s a
selected simula
ystem respons
ult conditions. 

a) 

b) 
a (a) wind speed (b

c response of th
e power. Du
wer supplied b
back to its nor
. (7) Shows v
cted at wind-P
wind-PCC is d

er is consequen

a) 

b) 
variables (a) Volta
active power 

nergy conversion 
) active and reactiv

3
ime (sec)

3
ime (sec)

3

Time (sec)

3 4
me (sec)

3 4
me (sec)

and cleared afte
ation results ar
e under norma

 

 

b) solar radiation 

he grid voltage
uring the fau
by the grid ar
rmal value afte
voltage, curren
PCC. During th
dropped to 0.7

ntly decreased.

 

 

age and current (b

 

 

system variables 
ve power 

4 5

4 5

v

I

4 5

 
Q

P

4 5

 
V

I

4 5

Q

P

er 
re 
al 

e, 
ult 
re 
er 

nt, 
he 
75 

b) 

at 

 

The P
corres
array 
the PV
MPP 
the p
shows
The v
excep
curren
verifie
excha
the pr
coord

Fig. 8:

The in
modu
boost 
phase
is obt
wind-
in mic
reache
simula
schem
tracki
voltag
varied
accord
discha
contro
voltag
tracki

P
V

B
u
s

V
o
t
an

d
cu

rr
en

t
(p

u
)

PV array gen
sponding to th
power with th
V generated p
for each solar 
roposed simpl
s the variations
voltage at the P
pt during the f
nt response is 
ed that a ver

anged power o
roposed full de

dinates. 

: Dynamic respons
a

nstantaneous v
ulation index m

converter duty
 fault at 5 km f
tained for ano
-PCC. This can
cro-grids.  As s
ed their stabl
ation results v

me for consta
ng. The DC 

ge at approxim
d around its se
ding to the 
arge during nig
olled to adjus
ge at the PCC
ng of the avail

0 1
0

100

200

P
V
 p

o
w

er
 (
K

w
)

0 1
0

0.5

1

P
V
 B

u
s 

V
o
t 
an

d
 c

u
rr
en

t 
 (
p
u
)

 

0 1
-10

0

10

P
h
as

e 
vo

lt
ag

e 
(K

v)

nerated power
he input radia
e available sol

power matches
radiation cond
le CV algorit
s of the voltag
PV-PCC is ma
fault it is red
the same as at
ry low transi

of the grid-con
ecoupled curre

(a) 

(b) 
se of the PV array,
and (b) voltage and

value of invert
m, the DC-link 

y cycle are di
from PV-PCC.

other case with
n be attributed 
shown in Fig. 
le state after 
validate the r
nt speed win
link controller

mately 7000 V
et value due to

available da
ght. The modu
st the magnitu
C. The duty cy
lable solar radi

(a) 

1 2
Time (se

2
Time(se

1 2
Time (se

r is shown in
ation. Compari
lar radiation in
s the solar rad
dition is rapidly
thm. Similarly
e and current a
aintained almo

duced to zero 
t the wind-PCC
ient is record

nnected PV sys
ent control stra

, (a) generated max
d current 

ter phase volta
capacitor volt
splayed in Fig
.  Similar syste
h the fault at 
to the short fee
(7,8), the gene
tripping the 

obustness of 
nd turbine and
r regulated th

V. The dc link
o the capacitiv

aily solar rad
ulation index o
ude of the in
ycle is adjuste
iation. 

3 4
ec)

3 4
ec)

3 4
ec)

n Fig. (8a) 
ing the PV 

ndicated that 
diation. The 
y tracked by 
y, Fig. (8b) 
at PV-PCC. 

ost invariant 
value. The 

C. It is also 
ding in the 
stem due to 
ategy in d-q 

 

 

ximum power 

age, inverter 
tage and the 
g. (9) for 3-
em behavior 
5 km from 

eder lengths 
erating units 

fault. The 
the control 
d PV-MPP 

he capacitor 
k voltage is 
ve charging 
diation and 
f the VSI is 

nstantaneous 
ed for MPP 

 

5

5

V

I

5

https://doi.org/10.24084/repqj11.211 49 RE&PQJ, Vol.1, No.11, March 2013



 

 

 
(b) 

 
(c) 

 
(d) 

Fig.9: Dynamic response of power conditioning  system variables for 3-
phase fault 5 km from PV-PCC (a) instantaneous inverter voltage (b) 
modulation index (c) Dc-link voltage (d) duty cycle of boost converter. 

 
6. CONCLUSIONS 

The paper presents an integration of wind energy 
conversion system and PV arrayto micro-grid for efficient 
renewable energy utilization as clean source of electricity. 
The micro-grid integrated scheme consists also of boost 
converter, three phase voltage source inverter as two stage 
power conditioning system for PV array to enhance the 
system interface under different operation conditions. A 
simple MPPT constant voltage control is proposed using PI 
controller for directly forwarding the duty cycle to the boost 
converter. The inverter PI controller is suggested to control 
the dc link voltage faster and to have the output voltage 
equal to the grid voltage. The integrated system is digitally 
simulated and validated using the Matlab/Simulink. A 
detailed mathematical model of a three-phase grid-
connected PV array and wind energy conversion system for 
MG applications has been proposed. The proposed model 
of the PV array and wind turbine uses theoretical and 
empirical equations together with data provided by the 
manufacturers. Dynamic system simulation studies 
demonstrate the effectiveness of the proposed control 
approaches and the detailed models presented under short 
circuit fault condition and solar radiation as well as wind 
speed variations. The PI controllers were tuned to improve 
the dynamic behavior of the system, fast recover of reactive 
power and increase the ability to withstand severe 
disturbances. The obtained results indicated that the 
proposed control scheme maintains voltage and PV power 
close to their nominal values for varying loads and climate 
conditions. 
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