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Abstract—Grid-connected Photovoltaic (PV) systems have in-
creased dramatically in the last few years due to the increased
global interest in renewable energy sources and the growth in
energy demand. Consequently, new and modern control strategies
should be applied to improve the efficiency, reliability, and
stability of grid-connected PV systems. To achieve this, the whole
PV system should be tested under various weather and grid
conditions. However, the wide variety of the PV system devices
and control algorithms, in addition to the destructive nature of
many types of scenarios and faults, make the practical testing
of the PV system very difficult, very expensive, and impossible
in many cases. Therefore, this paper utilizes the modelling and
simulation tools of Matlab/Simulink to develop an accurate model
for a grid-connected PV system-DC stage.

The developed model implements all components of the grid-
connected PV system at the DC side; these components are a PV
array, a Boost converter, and a Maximum Power Point Tracking
(MPPT) controller. Each component of the system is modelled,
simulated and validated. Then the PV system is used to simulate
many scenarios under various grid and weather conditions. The
simulation results show that the model is reliable, stable and
suitable for studying the grid-connected PV system.

Index Terms—Grid Connected, Maximum Power Point
Tracker (MPPT), Photovoltaic (PV), and Voltage Source Inverter
(VSI)

I. INTRODUCTION

THE tremendous increase in energy demand, the growth
of global interest in renewable and clean energy sources,

and the advances in research and technology in solar Photo-
voltaic (PV), all led to significant advances in PV industry. For
instance, the PV cost benchmark for residential PV systems in
U.S. decreased from $7.24/Wdc in 2009 to $2.8/Wdc in 2017,
as shown in Fig. 1 [1]. Moreover, Fig. 2 shows that the PV
energy production soared from below 10GW in 2006 to more
than 300GW in 2016. In addition, during 2016, more than
75GW of solar PV capacity was added worldwide, compared
to 50GW in 2015 [2]–[4]. According to [5] “the Compound
Annual Growth Rate (CAGR) over the last 15 years was above
40%, which makes PV one of the fastest growing industries
at present”.

PV systems can be classified into two major categories:
grid-connected PV systems and off-grid (stand-alone) PV

Fig. 1. PV system cost benchmark summary [1]

Fig. 2. Evolution of PV installation [2]

systems. The grid-connected PV systems operate in parallel
with electric grid to increase the output power of the grid,
while off-grid systems have no connection to the electric grid.
Off-grid systems are used in some applications such as roof-
mounted PV system, solar vehicle, solar powered lamps, and
water pumps [6]. Nowadays, the vast majority of PV systems
are grid-connected, while off-grid applications represent only
1% of the market, down from more than 90% two decades
ago [7].

Fig. 3 shows a typical grid-connected system. Typically, it
consists of a PV array, a Maximum Power Point Tracking
(MPPT) Controller, a DC-DC converter, a DC-AC inverter,
grid interface, control unit, and protection interfacing [6].

In this paper, modelling and simulation of a PV array, Boost



Fig. 3. A typical grid-connected PV system

DC-DC converter, and the MPPT algorithm controller are
presented. The model of the PV array is presented, simulated,
and validated against a PV cell datasheet. A closed loop
controller for the Boost converter is designed such that, it
provides a regulated DC voltage at the Boost converter’s
output, and simultaneously operates the PV array at the MPP
of any weather condition. Finally, conclusions are drawn and
summarized.

II. PV SYSTEM MODELLING

A. Modelling a Photovoltaic Cell

A Photovoltaic (PV) array is composed of a large number of
PV modules. Each module consists of a group PV cells con-
nected in series and in parallel. A particular PV cell is made
of semiconductor material that produces a DC voltage/current
when exposed to sunlight [8].

The basic component of a PV system is the PV cell.
Therefore, in order to study and design the whole PV system,
it is important to construct a model for the PV cell. A reliable
and an accurate mathematical model of PV cell is important
to design and simulate other parts of the PV system and
to design the control algorithms of the PV system. This
model is also useful in studying and designing the MPPT
algorithm, the Boost converter, and the control strategy and
the synchronization algorithm. Moreover, datasheets of the
PV modules provide the module parameters at Standard Test
Condition (STC)only. Thus, the mathematical model uses that
information to predict the device’s behavior at any condition
accurately.

Various models of the PV were proposed, varying in com-
plexity and accuracy; ranging from ideal models to practical
models [9], [10]. The practical PV model takes into account
the leakage current, the internal resistance and wiring resis-
tance. The practical PV model is depicted in Fig. 4 (a).

Since a PV module is constructed from several PV cells
connected in series and in parallel combinations, the voltage-
current relationship for the PV module is given by:

Fig. 4. A PV cell models

IPV = Iph − Is[e(
q(VPV +IPV Rs)

NsAkT
) − 1]− VPV + IPVRs

Rsh
(1)

where, IPV is the current output of a PV cell, VPV the PV
voltage, Iph is the photo current (depends on the solar irradi-
ance (G) and cell temperature(T )), Is is the diode saturation
current, q is the electron charge, k is the Boltzmann constant,
T is the PV cell temperature in Kelvin, A is the diode ideality
constant, Ns is the number of series connected cells, Rs is
the equivalent series resistance of the module and Rsh is the
equivalent parallel resistance.

The Ideal Single Diode Model (ISDM) approach of a PV
cell proposed by Mahmoud et al. [11], which is simple,
efficient and needs less simulation time than other models,
has been modelled using Matlab/Simulink. This model is
developed to estimate the equivalent circuit parameters of
ISDM shown Fig. 4 (b). The Matlab/Simulink model of the
PV module has been used in the simulation of the PV system
constructed. Hence, eq. (1) can be further simplified to be
expressed as eq. (2), which relies on the ISDM:

IPV = Iph − Is[e(
qVPV
NsAkT

) − 1] (2)

Iph in eq. (2) is determined as follows [11]:

Iph = G(ISC + α∆T ) (3)

where G the solar irradiance (kW/m2), ISC is the short
circuit current at STC, which is given in the datasheet, ∆T
is the difference between the module temperature and the
STC temperature (25oC), and α is the current temperature
coefficient provided in the product datasheet. Neglecting Rs

and Rsh and evaluating eq. (2) at STC (G = 1 and T = 25oC)
and Vph = VOC yield:

Irs =
ISC

[e( qVm
NskATo

) − 1]
(4)

where Irs is the saturation current at STC.
By evaluating eq. (2) at STC and the Maximum Power Point

(MPP), Irs cab be further expressed as [11]:

Irs =
ISC − Im

[e( qVm
NskATo

) − 1]
(5)

Equations (4) and (5) can be solved to get the diode ideality
factor, A [11].

To find the Is:

VOC(G,T )− VOC(G,To) = −|β|∆T (6)

where VOC(G,T ) is the open circuit voltage at given tem-
perature and irradiance levels, VOC(G,To) is the open circuit
voltage at STC temperature (25oC) and irradiance, β is the
temperature coefficient of VOC (given in the datasheet) [11].
By substituting IPV = 0 in (2), the open circuit voltage
formula is determined as [11]:

VOC(G,T ) =
NskTA

q
ln(

Iph
Is

+ 1) (7)



Substituting eq. (3) in eq. (7) yields:

VOC(G,T ) =
NskTA

q
ln(

G(ISC + α∆T )

Is
+ 1) (8)

By evaluating eq. (8) at T and To and substituting in eq.
(6) yield:

NskA

q
[T ln(

G(ISC + α∆T )

Is
+ 1

−Toln(
GISC

Is
+ 1)] = −|β|∆T

(9)

By rearranging eq. (9), Is can be expressed as:

Is =
Iphe

(
|β|∆Tq
NskAT

)

(GISC
Is

+ 1)
To
T − e(

|β|∆Tq
NskAT

)
(10)

B. Maximum Power Point Tracking (MPPT) Controller

The MPPT controller is an essential and a very important
part in any PV system. It is used to extract the maximum
power from the PV array. The output power of a PV array
is influenced by solar irradiance and temperature. The output
power of PV modules increases when the irradiance increases.
It also increases when the temperature decreases. The function
of the MPPT controller is to produce the control signal to
the switch in the DC-DC converter, which controls the output
voltage from PV module or array to ensure that the PV module
or array supplies its maximum power to the system at any
temperature and irradiance values. Many MPPT methods have
been reported in the literature. These methods differ from
each other regarding PV array dependency, implementation
complexity, accuracy, and implementation cost [12], [13]. One
of the most common MPPT techniques is the Hill Climbing
or Perturb and Observe (P&O) method [14], [15]. The main
advantages of this method is that it is independent of the PV
array, it has a good performance, and it is easy to implement.

C. DC-DC Boost Converter

The Boost, or step-up converter, topology is commonly used
in PV systems. The PV Array-Boost converter connection is
shown in Fig. 5. The Boost converter is controlled using Pulse
Width Modulation (PWM) control strategy. The generation of
PWM control signals is achieved by implementing MPPT al-
gorithm. For a continuous current conduction, the relationship
between the PV array output voltage (VPV ) and the Boost
converter voltage (Vo) is:

Vo =
VPV

(1−D)
(11)

where D is the Duty cycle of the converter’s switch.

III. SIMULATIONS AND VALIDATION

A. PV Characteristic Curves

Equations (4) to (10) were modelled in the Matlab/Simulink
to determine the equivalent circuit parameters of KC200GT
PV module [16]. The values of unknowns at STC were found
as: Iph = 8.21A, IS = 1.78X10−5A, and A = 1.82. These
parameters were inserted in a prepared Matlab/Simulink model
to obtain the characteristics curves of the PV modules.

Fig. 6 shows the I-V characteristics of the PV module,
consisting of 54 series cells, which are very similar to the
actual behavior of a real PV module for different irradiance
(G) levels. Whilst, Fig. 7 shows the I-V characteristics of the
PV module for different temperatures (T ), which are very
close to the actual behavior of a real PV module under the
same conditions.

Fig. 8 shows the P-V characteristics of the PV at a constant
temperature and various levels of irradiance. It is clear that the
output power of the PV modules increases when the irradiance
increases. Fig. 9 shows the P-V characteristics of the PV at
constant irradiance and different temperatures. It is clear from
the figure that the output power of PV modules increases when
the temperature decreases.

Fig. 8. P-V characteristic of the PV module at different G and a constant T

Fig. 5. PV Array-Boost converter connection



Fig. 6. I-V characteristic of the PV module at different G and a constant T

Fig. 9. P-V characteristic of the PV module at different T and a constant G

Fig. 10 and Fig. 11 show the datasheet I-V characteristics of
the PV module [16]. By comparing the datasheet characteris-
tics in Fig. 10 and Fig. 11 with those obtained by simulation in
Fig. 6 and Fig. 7, it is obvious that the simulation results match
well the characteristics of the PV module in the datasheet.

Fig. 7. I-V characteristic of the PV module at different T and a constant G

Fig. 10. I-V characteristic of the PV module as in datasheet at different
irradiances, and T = 25oC

Fig. 11. I-V characteristic of the PV module as in datasheet at different
temperatures, and G = 1000W/m2

The model of the PV module can be expanded to model
the PV array by setting the value of IPV and VPV in (2) as
follows [17]:

I ′PV = p.IPV (12)

V ′PV = s.VPV (13)

where s is the number of series modules, and p is the number
of parallel modules.

The KC200GT module has a maximum power of 200Wp at
STC. To get 6kW, a PV array was constructed by using 2 PV
strings such that each of them consists of 15 series connected
modules. The I-V and P-V characteristics curves at STC are
shown in Fig. 12.



(a) I-V characteristic curve

(b) P-V characteristic curve

Fig. 12. PV array characteristic curves at STC

B. Boost Converter

The Boost converter Simulink model is shown in Fig. 13.
It is designed to operate in a Continuous current Conduction
Mode (CCM) using the following equations [18]:

L >
D(1−D)2TSVo

2Io
(14)

C =
DTS

R∆Vo
Vo

(15)

A closed loop control system for the Boost converter is
designed implementing a PI controller, which is tuned using
Matlab PID tuner.

The Boost converter is simulated with a variable magnitude
reference voltage applied to its controller, and the output is
observed. The result, shown in Fig. 14, indicates that the
system is stable and has a zero-steady state error.

Another simulation is conducted by applying a variable
input to the Boost converter and observing the output voltage,
while keeping the reference voltage constant. The simulation

Fig. 13. The Boost converter’s Simulink model

result is shown in Fig. 15. The result shows that the system is
stable; its output voltage has a small steady state error for a
ramp input, a fast response, and an overshoot for a step change
in the input voltage.

C. MPPT Implementation

The MPPT controller, implementing Perturb and Observe
(P&O) algorithm, is programmed in Matlab to control the
duty cycle of the Boost converter’s switch in order to extract
the maximum power from the PV array. Fig. 16 shows the
Simulink circuit used to test the MPPT algorithm.

Fig. 17 illustrates the operation of the MPPT controller and
the Boost converter. It is clear that, when the MPPT controller
is enabled at t = 0.4s, it controls the duty cycle of the Boost
converter to operate the PV array at the maximum power
point. In addition, by comparing the input voltage (VPV ) with
the output voltage (Vo) in Fig. 17, the boosting action of the
converter is obvious.

Another simulation test is done by applying variable tem-
perature and irradiance to the PV array, and then measuring the
output power from the PV array. Fig. 18 shows the simulated
results. To validate the MPPT algorithm, the simulated results
are compared with the data from the P-V characteristic of the
PV module (Fig. 8 and Fig. 9). Clearly, the MPPT forces the
system to operate at the maximum Power Point.

Fig. 14. The reference voltage and the output voltage of the Boost converter



Fig. 15. The input, output and reference voltages of the Boost converter

Fig. 16. The Simulink circuit to test the MPPT algorithm

Fig. 17. Boosting and MPPT simulation results

(a) The effect of variable T and G on the PV power

(b) PV power vs. its voltage for variable T and G

Fig. 18. MPPT simulation results

IV. CONCLUSIONS

In this paper, modelling of a Photovoltaic array in Mat-
lab/Simulink environment is presented. The PV Array model
is simple and accurate as is shown in simulation results. The
simulation results are validated against the datasheet of a real
Photovoltaic module, and the simulation results match well the
real Datasheet. Perturb and Observe algorithm for Maximum
Power Point (MPP) tracking is implemented in Matlab to
generate the appropriate PWM signals applied to the power
electronic switch in the Boost converter. The significance of
using the MMP tracking on the amount of the generated power
is clearly seen in many simulation results. The Boost converter
is operated in a closed loop such that, it operates the PV array
at MPP, and also it provides a constant output DC voltage,
700V, which will be used for the inverter stage at varying
weather conditions; in a work entitled “Design and Modelling
of a 6kW Grid-Connected Photovoltaic System-AC Stage” [19].
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