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Abstract- This paper presents the modelling and control of PV-based Microgrid. Renewable energy sources such as PV, wind
and fuel cells are usually connected through voltage-source inverters. In order to share the same loads these inverters are
connected in parallel to form a Microgrid. The system considered in the paper consists of two parallel inverters each fed with
PV array. As the PV array is variable nonlinear DC source the control system should achieve good power sharing even with
this imperfections. The controller is designed in the dqg reference frame where the Space Vector Pulse Width Modulation is
used. The first inverter controller contains outer voltage control loop and inner current control loop while the second inverter
controller contains only power control loop. The controller is tested through simulation where each inverter is fed through PV
array with different radiation level. The simulation results show that the power sharing is achieved even when the DC sources
are different and nonlinear.
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1. Introduction a DC/AC inverter which must operate in parallel to share the
Humanity has relied on fossil fuel in the last few hundred same load.

years. The ever growing increased energy demands and the

energy-related environmental problems of fossil fuel made GCC

the renewable energy one of the most viable alternatives for

the large centralized fossil-fuelled power plants. Recently A

distributed energy sources, such as fuel cells, wind turbines

and photovoltaic cells are increasingly being used. Most of - - == -

the renewable energy sources are usually equipped with
DC/AC inverters which form a system of parallel inverters
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known as Microgrid [1]. A Microgrid can be defined as a

cluster of microsources, storage systems and loads which

may be isolated (stand-alone) or connected to the grid as a

single entity as shown in Fig 1. The Microgrid technology is |
proved to be one of the promising solutions that can cope

with the increased energy demands and the negative |
environmental effects of fossil-fuelled power plants. [
Distributed power sources in Microgrid must operate in

parallel in order to share the loads. Among renewable energy @_
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sources, wind and photovoltaic (PV) systems are smaller and
more scalable than central power plants which made them Wind  AcDC DC/AC
suitable to be integrated generators into Microgrid. Generator Inverter Inverter
Photovoltaic System (PV) is one of the exciting new J
technologies to convert sunlight directly into electricity. _
According to the learning curve the cost reduction of PV Fuel 4, ferter
system will continue in the future [2]. PV-Based Microgrid is
proven to be one of the forms of future evolution of Libyan
grid. In PV-Based Microgrid each PV source is connected to
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Fig. 1 Inverter-Based Microgrid
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The PV source is a series and parallel connections of PV
modules. PV modules can be connected to the grid in
different configurations such as the central, string and
multistring. Due to its low cost and its simplicity the
centralized configuration is used for large installations where
the PV array is connected to a central inverter. Then these
inverters are connected in parallel and hence a control
strategy is necessary to stabilize the system and to achieve
good power sharing while maintains the voltage and the
frequency within predetermined range. Also the controller
must achieve synchronization between inverters

There are many reviews on the control strategies in
Inverter-based Microgrids (see [3], [4], [5] and the references
therein). The control strategies can be classified into
centralized, distributed, master-slave and decentralized
control strategies [3]. In the centralized control strategy, all
the information is sent to a central controller and then the
commands are sent back to the system. In this control
strategy all the inverters work as current sources and the
voltage is controlled in the central controller. The main
advantage is that the current sharing is forced at all times
even during transient, and different power rating inverters
can be connected without changing the control structure [3].
Also the system maintenance can be carried out easily. The
main disadvantage of this strategy is the single point of
failure and the need for sending the reference voltage to all
the inverters in the network, which requires high bandwidth
communication link, and the system is sensitive to nonlinear
loads [3].

The decentralized control is used to solve the problems
associated with the controller's interactions. The
decentralized controller relies only on local information and
there is no need to send the information to a central
controller. This technique usually used when the distance
between parallel inverters is long, and can be applied in
islanded mode or grid connected mode. One of the widely
used decentralized control is the Droop control [4]. The main
idea is to regulate the voltage and the frequency by
regulating the reactive and the active power respectively that
can be sensed locally. The Droop control method has many
desirable features such as expandability, modularity,
redundancy, and flexibility. There are as well some
drawbacks such as, slow transient response and possibility of
circulating currents. As the interconnections are neglected
the overall system stability cannot guaranteed.

The master slave control strategy is classified as a quasi-
decentralized control strategy that can be a compromise
between the centralized and the decentralized control
strategies. In the master-slave control strategy, one of the
converters is known to be the master while the others are the
slaves, the master controller contains the voltage controller
while the slaves contain current controllers and have to track
the master’s reference current [S]. Master/Slave control
strategy gives a good load sharing and synchronization.

In the distributed control strategy the rotational reference
frame (dqo) is used instead of the stationary reference frame
(abc). It can be used only in balanced systems. The voltage

controller controls the output voltage by setting the average
current demands [3]. In current/power sharing control
method the average unit current can be determined by
measuring the total load current and divide this current by the
number of units in the system. There are excellent features of
the current/power sharing, the load sharing is forced during
transient and the circulating currents are reduced.
Additionally lower-bandwidth communication link is
needed. For these reasons distributed control strategy is
adopted in this paper.

With the advances in network technology, shared
networks such as the Ethernet, industrial Ethernet and even
Internet, are promising as alternative for direct control
signals exchange. The shared networks reduces the
complexity of wiring and increases system reliability. In this
sense control strategies can be classified based on the type of
communication exchange between the controllers. Then the
control strategies are divided into communication based or
communication-less. Many researchers reported master-slave
and distributed control strategies that rely on shared-network
for control signals exchange [6, 7 and 8].

The paper starts from the description of the PV-based
Microgrid. Then the mathematical model of the parallel
inverters and the PV array is presented. The PV array is a
series and parallel connection of PV modules. The model of
the module is the single diode five parameters model. The
PV module model is implemented in Matlab/Simulink and
the effect of the radiation and the temperature on the PV
characteristics is studied through simulation. The distributed
control strategy is briefly explained where the space vector
pulse width modulation is used. One of the main issues in
inverter based Microgrid is the stability of the system. The
controller parameters are selected to stabilize the parallel
inverters and achieve good performance. A simulation using
Matlab/Simpower toolbox is carried out to test the
effectiveness of the control strategy when the PV arrays
receive different radiation.

2. Mathematical Model of PV-Based Microgrid

The typical circuit of two parallel three-phase voltage
source inverters fed through two PV arrays is shown in Fig.
2. The average state-space model is usually used in the
analysis of power converters.
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Fig. 2. Two parallel inverters
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Each of the parallel inverters is connected to a 10 kW, PV
array. The controller has to stabilize the system and to have a
good power sharing even when the sources have different
DC values. This is the situation when the arrays receive
different radiation because of the shadow or when the two
arrays are not alike.

2.1. The Mathematical Model of the PV Array

PV solar cells are made from semiconductor material and
rely on the photoelectric effect to generate electricity. The
most widely used semiconductor for terrestrial applications is
the silicon. PV cells can be made from silicon in three
different forms; crystalline silicon, multicrystalline and
amorphous silicon. Crystalline silicon PV cells are the most
efficient and the most expensive among silicon PV cells. The
high production cost of crystalline PV cells is because the
process of crystal growth which is slow and consumes
energy. On the other hand amorphous PV cells are less
efficient and the cost is lower because of their inexpensive
method of production. Microcrystalline silicon PV cells are
compromise between the cost and the efficiency. The
efficiency is important when the area is a key factor because
the higher the efficiency, the smaller the area required. The
basic PV cell is the p-n junction shown in Fig 3.a. In the dark
the characteristics of the PV cell is similar to the normal
diode. When sunlight with energy greater than the
semiconductor energy gap hits the cell electrons becomes
free and a considerable current flows in the external circuit.

As PV cells are fragile and have low voltage they
grouped into modules and encapsulated from front and
supported by metallic panel for protection. The modules are
then connected in series and parallel to form an array as
shown in Fig 3.b.

Cell

T
i
5
il

Module =1

Array

Fig. 3. () A pn-junction silicon solar cell, (b) A connections

of cells forms a module and a connection of modules forms
an array

For PV energy conversion systems the most important
parts in their modelling are the IV and PV curves. Many
studies focus on modelling the PV cell instead of the PV
module. This is not practical because the manufacturer
provides the module data not the cell data. In order to obtain
the IV and PV curves a mathematical model must be derived.
There are many methods in the literature for modelling PV
modules [9, 10 and 11]. The model used in this paper is
based on the single-diode model and extracting some of the
parameters from the manufacturer data sheet. The electrical
circuit model is shown in Fig 4.

)

Fig. 4. Circuit model of a solar cell

The model is with middle complexity where the
temperature dependence of Iy, Iy, and Vo are included. Also
the parasitic resistances Ry and Ry, and their temperature
dependence are taken into account. The ideality factor is used
as a variable to match the simulated data with the
manufacturing data. The mathematical model of a solar cell
based on the single diode model is given as:

IT,GV) =1y, 1" ™™ =)= (V+ 1-R)Ry =1 -1y -1y (1)

Where the variables in (1) are given by [10];
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The parameters in the model are explained briefly. 1, is
the photo generated current in Amperes. Iy is the photo
generated current at the nominal radiation. I, is the diode
dark saturation current. Iy is the diode dark current. Iy, is the
shunt current. R, is the series resistance. Ry, is the shunt
resistance. G is the solar radiation in W/m2. The Gpon is the
radiation the PV module is calibrated at. n is the ideality
factor. e is the electron charge. k is Boltzmann's constant. V,
is the semiconductor energy gap. K, is the short-circuit
current temperature coefficient. The manufacturer provides
the following: N, is number of cells in series, N, is the
number of cells in parallel, Iy is the short-circuit current, Vo,
is the open-circuit voltage, Kq is the short-circuit current
temperature coefficient. Vy, is the thermal voltage and given
by Vin=nkT.e. The Solarex MSX60 60W module is used in
the simulation [12]. The equations from (1) to (9) are
implemented in Matlab/Simulink shown in Fig 5.

Fig. 5. The Simulink PV model implementation

The masked PV module is shown in Fig 6 along with the
mask. The module parameters are shown in Fig. 6. The PV
module can be used as circuit element in SimPower/Matlab
toolbox and does not need extra interface as the solar cell in
Simscape/Matlab Toolbox.

Fig. 6. The PV Simulink model

When the PV module is connected to a load a specific
current will flow through the load and a voltage will be built
across the load terminals. The 1V characteristics are shown in
Fig 7 where the radiation is set to 1000 W/m? and the cell
temperature is 25 °C. When the terminal of the module is
short circuited a maximum current flows, this current is
known as the short-circuit current. As the load resistance
increases the operating point moves to the right and the
power increases. At a point called the maximum power point
(MPP) the power reaches to its maximum. Increasing the
point to the right of the MPP, the load is decreased and the
power is reduced. At a very high load resistance the current
is zero, the voltage at this point is the open-circuit voltage. In
order to harvest maximum power the load should equal Ry,
and this is impractical because the weather is keep changing
and hence the radiation and the temperature will be changing.
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Fig. 7. The IV and PV characteristics

In order to understand the behaviour of the PV module
simulations are carried out. The effect of the temperature on
the 1V and PV characteristics are shown in Fig 8.a and Fig
8.b. The effect of the radiation on the IV and PV
characteristics are shown in Fig 8.c and Fig 8.d. It is clear
that as the temperature increases the short-circuit current
increases slightly while the open-circuit is reduced. The
resultant effect is a reduction in the PV module power as the
temperature of the cell rises. The radiation has a stronger
effect on the characteristics of the PV module. As the
radiation is increased the current increases linearly with
radiation and the voltage increases logarithmically. The
generated power increases as the radiation increases.
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There are many configurations for PV system such as
the central, string and multi-string. The one used in this
paper is the central inverter configuration shown in Fig 9.
The PV modules are connected in series and parallel to
produce the required voltage and power. The main
advantages of this configuration are the low cost, the
simplicity and the high efficiency by using single inverter.

=2

M

Fig. 9. The PV array is connected to the inverter

As our energy source is nonlinear the goal of the
controller is to generate AC power with given voltage shape
parameters and to achieve power sharing between the
different inverters in the Microgrid. As can be seen from Fig.
9, M; and M, stand for the number of series and parallel
module to be connected to form the array. The array used in
the simulation has 10 branches with 22 modules in each
branch and the total number of modules is 220.

2.2. The Mathematical Model of the Parallel Inverters

The average model of the phase leg is derived based on
the switching averaging. After transformation of the
variables in the stationary coordinates X, into the rotating
coordinates Xqq, the average model can be simplified [13, 14
and 15] based on i,= i,; = -i,» = 0:

dli,] d v,| [0 -w] iy,
d e :i d1 dd_i ‘A o o 10)
dt ol L dql L[Ve| [@ O ]]lq
d li,, | d v,] o —w]li, ]
a -d2 :i d2 ch_i d| w . -d2 (11)
dt | L Ay LV @ 0 a2 |

d |V 1 idl 1 idZ 1 Vd_ 0 -0 |V
— == P ] = - : (12)
dt Vo| 2C|lq| 2C|l,| RC Vo] @ 0 Vq

Assuming that the input DC power sources is ideal:
dlig| 1|dg 1 \7d {0 —a)} Iy
o 0 ]liy

Ly [V

dat| i, | L |d

dcl

ql ql
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dli,| 1]d 1[V] [0 -0][f,]
AR el Pl VRS 17 a9
dt| | Lld, | " L] (e o

v i | [ ] [URC o [V,
i A e
Writing (13), (14) and (15) in general matrix form:
X = AX +BU (16)
y =CX 17)

The state vector and the control vector are given as:

_~ _ - - - - T
X = [Vd Vq Idl Iql |d2 qu]

G:[Jdl dql dd2 dqz]T

C =1, the matrices A, B can be obtained as:

“1/RC  ® 1/(2C) 0 1/2C) 0
~® -1/RC 0 1/2C) 0 1/(2C)
A VL0 0 ® 0 o | @8
) -1/, -o 0 0 0
~1/L, 0 0 0 0 ®
| 0 -1/L, 0 0 ~w 0 |
00 V,/L 0 0 o T
00 0 V.. / 0
B= dcl Ll (19)
00 0 0 Via 'Y 0

00 0 0 0 V,/L

3. The Control Strategy

The distributed control strategy is used where the first
and the second inverter have two control loops as shown in
Fig. 10. The inner control loops independently regulate the
inverter output current in the rotating reference frame, iy and
i~ The outer loop works in the voltage control mode to
produce the d-q axis current references for the inner loop by
regulating the voltage at given reference value as shown in
Fig 11. In power control mode, the outer loop is used to
regulate the active and the reactive power at given operating
points and provide the current references, ig.refand ig.rer, in the
rotating reference frame for the inner loop as shown in Fig.
12 ([14] and [15]).

Vmé _IG Filter v” Load
Ve

G - 7

' L

Vi mz¢ _IG Filter ul
Y.

Vm(? _IG Filter u Load

Fig. 11. The first inverter with voltage and current control loop

The Space Victor Pulse Width Modulation (SVPWM)
([14] and [15]) is used to derive the six pulses. A
proportional-integral (P1) control scheme is used in both the
voltage and control loops, the duty cycles signals are given
as:

ddl 'Vdcl = (Kidpl + Kidil lsxidl—ref - idl)_ a)Lliql +\7d (20)

dyy Via = (Kiqpl +Kigi /SXEI—ref _E1)+ a"—iu +\7q (21)

The voltage control loop regulates the voltage and
generates the d-q axis current references for the current loop.
Therefore the output of the outer voltage controller is the
input of the inner control loop, a proportional-integral (PI)
controller is also used in the current control loop. Then:

—i;il—ref = (dep + dei /vad—ref _vd ) (22)

i~(;1—ref = (qup + qui /vaq—ref _VQ) (23)
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The second inverter operates in the power control mode,
where the instantaneous values of the inverter output current
components ig.r; and igr are used to control the output
active and the reactive power respectively as shown in Fig
12.

Vmé _IG Filter U Load

Fig. 12. The controller of the second inverter

The duty-cycle signals for the second inverter are given
as:

dd2 'Vdcz = (Kidpz + Kidiz /SXEzfref _Ez)_aﬂ-zaz +\7d (24)

dq2 'Vdc2 = (Kiqu + Kiqi2 /SxiqZ—ref - iq2)+ a)LZ idz +Vq (25)
In the power control mode the active and the reactive
power are controlled at given set points by the outer loops to
produce the d-q axis current references for the inner loops
[14], [15]. The active and the reactive power are given as:

P =(3/2)(V,iy, +Vyiy,) (26)

Q = (3/2)(V, iz, —Vyig,) @7)

The outputs of these outer controllers are the inputs of the
inner control loops. A proportional (P) controller is used,
then we have:

EZ—ref = KPpZ(Pref - PZ) (28)

EZ—ref = KQpZ( ref _QZ) (29)

In order to write the closed loop equation in matrix form,
new control variables are introduced into (20)-(25). Then the
new duty cycle signals can be expressed as:

~ 1 N
ddl = E[(l_ Kidlevdp )Vd - Kidplldl - (30)

K Ci’)dl + K'dil?dl + Kidlevdpvd—ref]

ol,i_ K.

17g1" Nidpl® “wvdi

dy - (1—K. qup)vq -K K@

igpl iqpllql + leldlKiqpl vqi

Via (31)

+Kiqi1Yq1 + Kiqlevqpvq—ref]

<

~ 1 3 V. 3 .
dd2 = Vdcz [(1_5 Kidszppzldz\JVd _EKidszppzqu q

3 N = 3 - -
(E KideKppZVd + KideJ Iy _{E KideKppZVq + (DLZJ Iq2 (32)
+Kidi2'\7d2 + KideK ﬁ ]

pp2° ref

~ 1 3 + V. 3 .
dqz = v [[1—5 KiquKszldzqu +§ KigpzKapz lg2¥a +
dc2
3 - - 3 - -
(E KiquKQpZVd - Kiqu Iq2 _[E Kiqu KQpZVq - ml—z} li (33)

+Kiqi2;}7q2 + K K (i)ref]

igp2" *Qp2

The control output can be expressed as:

G:H-Z+J(\7d\7qI56) (34)

ref

- ~—~ T g ~ o~~~ T
where; Z = [Vqu 'dl'ql'dz'qzq)dlq)q17d17q17dz7qz]

Substituting the control laws in the state equation and
writing the equations in s-domain:

2(s)/R(s)=(sl -A, -B,H) ™" B, (35)

where: R(s) =[(V,V, Iséref )](S), A; and B; are the state
and the input matrices of the closed loop system.
4. Stability Analysis

To test the control strategy to achieve good power
sharing when the DC sources are different and nonlinear a
simulation using Matlab/Simulink has been carried out. The
parallel inverters parameters are as follows: the capacitance
and the inductance of the filters are 22 wF and 4 mH
respectively. The load resistance R equals 4.25 ohm. In
previous work the control parameters that achieve the
optimum performance are determined [16]. The controllers'
parameters are given in Table | and I1.

TABLE | CONTROLLER PARAMETERS OF THE 1°" INVERTER

The Controller Parameters of the first inverter

dep qup dei qui
5 5 400 400

Kidp1 Kidi1 Kigpt Kigit
1 100 0.4 60

TABLE Il CONTROLLER PARAMETERS OF THE 2"° INVERTER

The Controller Parameters of the second inverter

Kop2 Kgp2 Kidpz
5 5 1
Kidiz Kigp2 Kigiz
100 0.4 60

In the control strategy the second inverter is forced to
generate 10 KW real power and 2 kVar reactive power. Fig
13 shows that the output three phase voltages of the parallel
inverters maintained at 170 V peak value. The PV arrays in
Fig. 1 are denoted as A and B for the first and the second
inverter respectively. In the simulation, the radiation on both
arrays is fixed at 1000 W/m? while the temperature is fixed at
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25 C then the radiation on the first array is reduced at 0.15 s
to 800 W/m?. This mimics the effect of the shadow on the
first array. The operating points are shown in Fig 14. The DC
input voltage and current of the first inverter are shown in
Fig. 15 and Fig. 16. Reducing the radiation from 1000 W/m?
to 800 W/m® forces the first array to operate in new
operating point. At 0.15 s when the radiation decreased to
800 W/m? the voltage is 427.7 V. If the operating point stays
at this point then the supplied power will be less than 10 kW.
Hence the operating point changes to 394 V in order to
generate 10 kW. The DC input voltage and the DC input
current of the second inverter are shown in Fig. 17 and Fig.
18 respectively. From the figures it can be seen that the first
inverter input voltage has more oscillation than the second
inverter and this is because the first inverter contains the
voltage controller loop. It should be noted that most of the
transient current is supplied by the first array. In the start-up
a larger DC current flows in the first inverter. The small
oscillation in the DC bus is because of the switching
characteristics of the inverters
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Fig. 15. The DC input voltage of the first inverter
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Fig. 16. The DC input current of the first inverter
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Fig. 17. The DC input voltage of the second inverter
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Fig. 18. The DC input current of the second inverter

The first inverter current, the second inverter and the
load current are shown in Fig. 19-21. We notice there is no
change in the currents at 0.15 and this is because at 800 W/m?
the array is still capable of supplying the required power. It
should be noted that at low radiation levels (500 W/m?) the
current of the first inverter is less than 40 A and since the
second inverter operates in the power control mode the load
power will be less than 20 kW and hence the load current
will be less than 80 A. Also the peak voltage will be slightly
less than 170 V. The output power of the first inverter, the
second inverter and the load are shown in Fig. 22-24.

833



INTERNATIONAL JOURNAL OF RENEWABLE ENERGY RESEARCH

A. Khalil and K.Ateea ,Vol. 5, No. 3, 2015

60

Bt

i
i

-60
0

—
P——
——
——
p—— Y

-
—
b—
—
—
——
—
———

T

The current, A

e —

W

0.05 0.1 0.15 0.2 0.25 0.3
Time (Seconds)

Fig 19. The output currents of the first inverter
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Fig. 20. The output currents of the second inverter
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Fig. 21. The output currents of the load
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Fig. 22. The active and the reactive power of first inverter
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Fig. 23. The active and the reactive power of second inverter
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Fig. 24. The active and the reactive power of the load

As can be seen from the figures for the real and the
reactive power, the reactive power supplied by the second
inverter is absorbed by the first inverter. Most of the
generated real power is supplied by the first inverter during
transient. The system designer should take this into account
and to design the PV array to be able to supply the extra
power required during transient. The results show that the
distributed control strategy achieves very good power
sharing. The effect of the capacitor on the DC bus has been
investigated and it is found that increasing the capacitor
slows the system response. The simulations show that the
load sharing is forced even with different nonlinear DC
sources. The sharing between the inverters is good even
during the transient but the first inverter supplies most of the
current. In the simulation the nonlinear model of the inverters
is implemented. The work in this paper is to be extended to
deal with stability analysis with time delay and data loss
where the control signals are exchanged through shared
communication network [17]. Additionally the distributed
control strategy will be tested when the DC sources comes
from different renewable sources.

5. Conclusion

In this paper the modelling and control of PV-based
Microgrid is presented. The PV-based Microgrid if formed
by two voltage source inverters each is fed with 10 kWp PV
array. The small-signal model for the parallel inverters and
the PV array is briefly described. The distributed control
strategy in the d-q frame is implemented where the first
inverter controller contains voltage control loop and current
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control loop. The second inverter controller works in the
power control mode. The PV array, the two inverters and
their controller are implemented in Matlab/Simulink. As the
PV array is a nonlinear and variable DC source the controller
is designed to achieve power sharing even with different DC
nonlinear sources. The controller is tested and the power
sharing is achieved even when the two PV arrays receive
different radiation. With this distributed control strategy the
first inverter supplies most of the current during the transient.
The current research is to test the controller strategy with
different renewable sources such as wind turbines and fuel
cells.
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