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Abstract
This article depicts a novel configuration of the multi-input rectifier stage for a system of hybrid PV/wind driven perma-
nent magnet synchronous generator (PMSG). Maximum power point tracking (MPPT) techniques are applied to extract 
maximum power from the wind turbine and the solar module when it is obtainable to increase the PV efficiency and wind 
driven PMSG. Using dc/dc converter topology individually with control of MPPT to produce power. Perturb and Observe 
(P&O) MPPT algorithm is applied for PV device that the dc voltage is utilized as perturbation variable whereas, in wind 
system, the perturbation variable is utilized in modified P&O MPPT algorithm. In this work, the main contribution is the 
implementation of a PV/wind driven PMSG hybrid model in the form of Matlab Simulink based on multi-input rectifier 
stage. In this study, a multi-input rectifier topology for grid-inserted PV/Wind driven PMSG model has been applied. 
MPPT based control of PV supply is carrying out on cuk converter topology. The multi-input rectifier stage has the abil-
ity to eradicate current harmonics. Therefore, no extra input filters are required. Matlab/Simulink program is applied in 
the present study to implement the modeling and analysis of grid-inserted PV/wind driven PMSG based on multi-input 
rectifier topology.

Keywords Hybrid renewable energy system (HRES) · Wind driven PMSG system · PV system · MPPT control techniques · 
Multi-input rectifier topology

1 Introduction

The expression hybrid renewable energy is applied to 
depict any energy system with more than one form of gen-
erator ordinarily a traditional generator powered by die-
sel and renewable energy sources like photovoltaic, wind 
energy and hybrid system [1, 2]. Hybrid energy system is 
to give an economical and sustainable energy for the rustic 
electrification which uses a collection of non-renewable 
energy resources such as fossil fuel, nuclear power or a 
collection of renewable energy resources such as PV and 
wind [3]. This is clean energy and obtainable in nature. The 
merits above non-renewable fossil fuel based on power 
generation, like low contamination and high efficiency [4]. 
Solar system is one of the ersatz clean energy resources 
that are paid close interest by humans because, it is very 

significant to have an effective and suitable MPPT tech-
nique for the PV device [5]. There are several types of con-
verter topology, between them we have chosen the most 
appropriate type which is boost-converter topology for 
our design, because it is widespread no isolated converter, 
its ability of increasing the voltage where it is also popular 
to have low speed wind and the impedance connected to 
the generator in our case need to be reduced to have it 
equal to the internal impedance in the generator. Occa-
sionally this type is known the step-up converter [6]. The 
wind power at most depends upon geographical features 
and climate conditions and change occasionally. Thence, 
it is needful to build a system that can produce maximum 
power for all working conditions. Lately, PMSG is applied 
for wind generating system because of its merits like best 
reliability, low maintenance and more efficient etc. For 
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maximum power transfer in each wind speeds, the con-
verter should be able to decrease PMSG terminal voltage 
in low speeds and raises it in high wind speeds. Numerous 
hybrid PV/Wind power systems with control of MPPT tech-
nique have been suggested previously [7, 8]. In the present 
article, a multi-input rectifier stage for grid inserted hybrid 
PV/Wind driven PMSG system has been applied. Control of 
MPPT for the PV source is carrying out on cuk converter. 
The multi-input rectifier converters have the ability to can-
cel the high current harmonics. Therefore, no extra input 
filters are required. Fusion of multi-input rectifier topology 
works completely for individual and simultaneous opera-
tion. MPPT can be addressed by several ways, for example: 
P&O, constant voltage (CV) and incremental conductance 
(INC) etc. It is widely applied, mostly for low-cost applica-
tions [9]. These days, utilization of solar energy includes 
use of PV cells, solar thermal power and solar water heat-
ing. In general, the PV device consists of PV generator 
which is a collection of series-shunt electrically attached 
solar panels. There are two techniques of our study, with 
and without tracking systems. The present article aims 
to investigate the performance of PV-wind driven PMSG 
hybrid energy system under various weather conditions 
based on multi-input rectifier topology.

The rest of the present article is arranged as follows 
after introduction: In Sect.  2, modeling analysis of PV 
system configuration is discussed. In Sect. 3, modeling 
analysis of wind energy conversion system (WECS) and 
its control strategy are presented. The proposed PV-Wind 
driven PMSG hybrid energy system and its components 
are illustrated in Sect. 4. The simulation results about the 
performance of hybrid model are included in Sect. 5. In 
Sect. 6, summary of findings is addressed.

2  Modeling analysis of (PV) system 
configuration

PV systems have two master problems which the con-
version efficiency generation is very low mostly at lower 
irradiation status and the amount of power produced by 
solar modules varies incessantly with climate status. The 
need for MPPT, furthermore, the I–V characteristic of PV is 
nonlinear and generally, there is a dot on the P–V or I–V 
curves, known the MPP at which PV works with maximum 
efficiency and created its maximum power. Hence a par-
ticular photovoltaic panel composes of different PV-cells 
in series or shunt connections where the series connec-
tions are accountable for increasing the output voltage 
while, the shunt connection is accountable for increasing 
the current. Commonly, a number of PV modules are coor-
dinated in series or shunt to face the energy requirements 
[10]. The solar cell equivalent circuit is illustrated in Fig. 1. 

Without load condition, generated current shorts through 
diode and with loaded condition, generated current flows 
through load connected and very little amount flows 
through diode. From the simplified circuit it is obvious 
that, the output current created by the solar cell is equal 
to that generated by the source current, minus that which 
flows across the diode, minus that which flows across the 
shunt resistor as indicated in equation below [11, 12].

Figure 2 depicted the standard solar cell current–volt-
age (I–V) characteristic. The distinctive equation of a solar 
panel that connects solar cell parameters to the output 
voltage and current is derived as follows:

Usually, the shunt resistance  (Rsh) is very high, series 
resistance  (Rs) is very low and enough to neglect the two 
terms to simplify the characteristic equation of the solar 
cell model to become:

(1)I = IL − I0 − Ish

(2)I = IL − I0
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Fig. 1  Simplified electrical circuit for single diode of solar cell

Fig. 2  Standard I–V characteristic for solar cell
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where I: Represent the output current of a solar cell, V: 
Represent the output terminal voltage of a solar cell,  IL: 
Light-generated current under a given insolation,  I0: Diode 
saturation current and  Ish: Shunt current,  VD: Voltage across 
the diode, q: Electron Charge (1.60217 × 10−19 C) and k: 
Boltzmann Constant (1.3807 × 10−23 J/K), m: Dimensionless 
ideality factor of the diode, STC: Standard test condition, 
T: Cell temperature (K),  Rs: Series resistance of the cell (Ω) 
and  Rsh: Shunt resistance of the cell (Ω).

The modeling of solar energy system used in the simu-
lation is depicted in Fig. 3. It contains a modeled PV array 
and converter topology controlled by MPPT control. The 
output of PV module relies on the temperature, irradiation 
and output voltage. The  (Voc) and  (Ish) are the two main 
parameters applied which depicts the electrical perfor-
mance of the cell.

2.1  Analysis of solar PV cell performance 
with changing irradiance and temperature

The expression irradiance is known as the measure of 
power density of sunlight given at a site on the earth in 
(w/m2), while the measure of energy density of sunlight 
known as irradiation. The two terms are associated to solar 
elements. With the increasing solar irradiance both  (Voc) 
and  (Ish) rises and therefore, the MPP changes.

Temperature plays other main factor in determine solar 
cell efficiency. As the temperature rises the average of pho-
ton generation rises therefore, the reverse saturation cur-
rent rises fastly and this decreases the band gap.

Figures 4 and 5 display the impact of changes in param-
eters on the characteristic of PV module. Figure  4a, b 
depict the simulation results of PV array (Array type: CA 
Solar MS-150 M) by using MATLAB software for two curves 
I–V and P–V under four different irradiation from 0.25 to 
1  kW/m2 with constant temperature at 25  °C. We can 
observe that, the module current is proportionate to the 

radiation, whereas the  Voc changes a bit with irradiation. 
Table 1 shows the values of various MPP through changing 
of irradiation, the MPP increases from 42.85 at 250 to 150 
at 1000 W/m2. Therefore, the rise of irradiation permits the 
increase of maximum power point.

Also, temperature is an important element in the 
behaviour of PV module. Figure 5a, b depicts, the increase 
in temperature leads to a clear decrease in the  Voc.

Table 2 illustrates the values of various MPP through 
changing of temperature, the MPP decreases from 108 at 
25 °C to 150 at 75 °C. Therefore, the rises of temperature 
permits the reduce of the maximum power point.

2.2  MPPT control techniques for PV system

MPPT technique is applied to ameliorate the efficiency of 
solar panel, WT and they regulated to work at their point 
of maximum power. The MPPT algorithm relies on an initial 
reference of rotor speed for the WT and voltage for the PV 
array. The conformable power outputs for the two devices 
are measured. The delivered power by a PV device of one 
or more PV cells is depend on the three factors which are 
irradiance, temperature and current drawn from the cells. 
There are numerous techniques to maximizing the power 
from a PV device, several commonly traditional techniques 
for MPPT available in the literature [13–16], in general, the 
most widely-used are presented below:

2.2.1  Constant voltage (CV) technique

The CV method is the simplest control of MPPT algorithm 
and does not require any input. The working point of the 
PV array is recorded close to MPP by adjusting the array 
output voltage and convenient it to a constant reference 
voltage  Vref. The magnitude of  Vref is regulating equal to 
the  VMPP of the PV module or to other calculated better 
constant voltage. So, measurement of the  VPV is needful to 

Fig. 3  Modeling of photo-
voltaic system used in the 
Simulation
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Fig. 4  Effect of various solar 
irradiations under constant 
temperature (25 °C)

Fig. 5  Effect of various solar 
temperatures under constant 
irradiance (1000 w/m2)
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set up the duty-cycle of the dc/dc Sepic by PI organizer. It 
is important to notice that if the PV panel is in low insula-
tion status, the CV algorithm is more effectual than the 
P&O or the INC methods. Constant voltage (CV) is some-
time integrated jointly with other MPPT methods. The con-
stant voltage (CV) is implemented using the instruction 
flowchart as indicated in Fig. 6.

2.2.2  Short‑current (SC) technique

The SC technique realizes the MPP by awarding the opti-
mal working current  Iop to a current power converter 
controlled. Actually, the working current  Iop for maximum 
power output is commensurate to the short circuit current 
 ISC at different status of irradiance level (S) as in Eq. (4):

where k is a commensurate constant. Equation (4) depicts 
that  Iop can be defined instantly by detecting  ISC. So, this 

(4)Iop(s) = K ⋅ Isc(s)

control technique needs measurements of  ISC. So, it is 
needful to insert a static switch in shunt with PV array, to 
make the short-circuit status. It is remarkable to reminder 
that, through the short-circuit  VPV = 0 thus, no power is 
provided by the PV device and no energy is produced. As 
in the earlier method, mensuration of the PV array volt-
age is desired for the PI regulator to get the  Vref magni-
tude able to produce the current  Iop. The features of this 
technique it is simple, low cost to carry out and does not 
require an input. The demerits: irradiation is always prop-
erly at the MPP owing to differences on the array which are 
not appraised, data changes at different climate conditions 
and sites and also it has lower efficiency. The instruction 
flowchart of the SC method is illustrated in Fig. 7.

2.2.3  Open voltage (OV) technique

The OV algorithm is depend on the monitoring that the 
 VMPP is constantly near a constant percentage of the  VOV. 
The k value is generally among 0.7–0.8. It is needful to 
upgrade  VOC sometimes to compensate any temperature 
change. This technique necessitates measurements of 
the  VOV if the circuit is opened. Once more it is needful to 
insert a static switch to the PV device; for this method the 
switch should be inserted in series to open the circuit. If 
 IPV = 0 no power is provided by the PV device and there-
fore no energy is produced. In this algorithm also measure-
ment of the  VPV is desired by the regulator. Figure 8 shows 
the instruction flowchart for this method. The merits of 
this technique are comparatively low cost, very simple to 
perform. The demerits are slower response, not precise 
and may not work punctually at maximum power point.

Table 1  Values of various MPP through changing of irradiation

Irradiation in (W/m2) 250 500 750 1000
Power (W) 42.85 75 118.53 150

Table 2  Values of various MPP through changing of temperature

Temperature in (°C) 25 50 75
Power (W) 108 135.45 150

Fig. 6  Instruction flow chart for constant voltage technique

Fig. 7  Instruction flow chart for short-current technique
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2.2.4  Incremental conductance (INC) technique

The INC is obtained by differentiation the power equa-
tion of PV module with regard to (dP/dV) and regulates 
the result equal to (0). The INC technique was formed to 
provide a best alternative to the P&O technique, the basic 
connotation of how the INC gets the MPP is depend on 
the slope of the power curve. At MPP the slope is zero, if 
the operating point in the P–V plane is to the right of the 
maximum power point it is verified, whereas, if the work-
ing point is to the left of the maximum power point, we 
obtain:

The current, voltage of the solar cell and calculating the 
incremental conductance, the maximum power point volt-
age can be known as depicted in Fig. 9.

The maximum power point can be tracked down by 
compare  Ipv/Vpv to the incremental conductance  dIpv/dVpv. 
The INC offers perfect performance at quickly changing 
atmospheric status where  Ipv and  Vpv are the PV array cur-
rent and voltage, respectively. The instruction flowchart 
depicted in Fig. 10 illustrates the working of this technique. 
It begins with sensing the values of voltage and current PV 
module. Then, it computes the changes, ΔI and ΔV using 
the current and previous values. The merits of this method 
it can define the MPP without oscillating about this value. 

(5)(dIpv∕dVpv) + (Ipv∕Vpv) = 0

(6)(dIpv∕dVpv) + (Ipv∕Vpv) < 0

(7)(dIpv∕dVpv) + (Ipv∕Vpv) > 0

The demerits are: increase the computational time owing 
to slow of the sampling frequency follow from the high 
complexity of the technique compared to the P&O. Also 
the INC can perform unpredictably at rapidly changing 
atmospheric status.

2.2.5  Perturb and observe (P&O) technique

This method has been chosen to carry out a MPPT tech-
nique owing to its clarity and the chance to introduce 

Fig. 8  Instruction flow chart for open voltage method
Fig. 9  Graph P–V curve for INC algorithm

Fig. 10  Instruction flowchart for the INC technique
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improvements. In this technique, PV voltage and current 
V (k), I (k) are measured. Then power is studied P (k) and 
compared with the power studied in the former sample 
P (k-1) to obtain on ∆P. When the outcome of ∆P is (0), 
the system is operating in MPP. On the other hand and 
according to the signs of ∆P and ∆V to control the duty 
cycle (α) will be reduce or increase to force the operating 
point of the PV module across the maximum power point. 
The instruction flowchart depicted in Fig. 11 illustrates the 
operation of this technique.

The cell voltage is increased at first when the output 
power increased, the voltage is regularly increased till the 
power output begins reducing and then the voltage to 
the cell reduced till maximum power is reached. This out-
come is a vibration of the output power about the MPP. 
Figure 12 depicts the PV module‘s output power versus 
voltage using P&O algorithm. Assume that, PV module 
is working at a point that is far from the MPP. The volt-
age of PV module in this technique is perturbed by a little 
increment and the change in power, P is noticed. So, the 
operating point can be on the left hand side “+ve slope”, 
middle point “MPP” or right hand side “−ve slope”. For this 
research we choose the P&O method as it has more advan-
tages over demerits such as, ease of application, low cost 
and it’s usually applied technique in PV and wind turbines 
applications.

2.3  Boost converter topologies

Consider a boost converter circuit diagram attached to a 
PV system with a resistive load as illustrated in Fig. 13, the 
main components used to carry-out are an inductor, diode, 

capacitor and a high frequency switch. Converter unit steps 
up the input voltage value to the desired voltage output 
without using of a transformer.

These coordination methods provide power to the load 
at a voltage greater than the input voltage to the boost 
converter. The charging current increases exponentially, 
but assumes linear increases for simplicity. The first step to 
compute the switch current is to define the duty cycle for the 
input voltage which used because this produce the maxi-
mum switch current.

where D = duty cycle,  Vin = typical input voltage, 
 Vout = desired output voltage, η = converter efficiency. The 
(η) is added to the equation, because the converter has to 
transfer the energy dissipated. This computation gives a 
more factual duty cycle than quite the equation without 
(η). The following step to calculate the switch current in 
order to determine the inductor ripple current.

where  fs = converter switching frequency, L = chosen 
inductor value. This equation is a good assessment for the 
suitable inductor:

(8)D = 1 −
Vinx�

Vout

(9)ΔL =
Vin × D

L × fs

(10)L =

(

Vin ×
(

Vout − Vin
)

ΔL × fs × Vout

)

.

Fig. 11  Instruction flowchart for the (P&O) algorithm

Fig. 12  Graph output power versus voltage using P&O algorithm
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3  Modeling analysis of (WECS) configuration

The modeling of WECS under study composed of a 
gearless WT directly coupled to PMSG with uncon-
trolled 3-phase rectifier and converter unit as depicted 
in Fig.  14. The PMSG has the merit of being directly 
inserted to a WT with no necessity for a gear box, there 
is no requirement for excitation current as in the dou-
ble fed induction generator (DFIG) case and there is no 
direct linkage among the generator and the utility grid 
for network tie applications. The PMSG composed of 
3-phase stator winding like squirrel cage induction gen-
erator (SCIG), whereas the rotor winding is changed by 
the permanent magnet (PMs). the merit of eradicate the 
rotor field winding are copper losses decrease, power 
density is higher and low rotor inertia, the disadvantages 
are high costs and loss of flexibility in flux control and 
change parameter with traffic of time [17, 18].

In this scenario, a resistor is applied as the load 
and the MPP will be indicated into maximum voltage 
through it. The diode bridge rectifier is utilized instead 
of a 3-phase controlled PWM in order to its low cost and 
high reliability. This section presents the WT converts the 
wind power into mechanical power in the rotor shaft. 

Thereafter, converted into electricity by using a PMSG. 
The voltage created by the PM machine is rectified by 
using a 3-phase passive rectifier that converts the AC 
voltage produced by the PMSG to a DC voltage.

To explain WTs power characteristic, Eq. (11) presents 
the mechanical power output which is created by the wind 
turbine:

In this article, owing to the hypothesis of a constant 
pitch rotor, the pitch angle β is set (0), the relation of  CP 
depend mainly on λ when β equal zero degree. Figure 15 
depicts the power coefficient  (Cp) of the wind turbine 
versus tip speed ratio (λ). Observed that, the  CP optimum 
value is approximately 0.48 for λ equal to 8.1, the perfor-
mance coefficient of a WT is affected by the ratio of tip-
speed to wind-speed, as follows:

where ρ: Air density, kg/m3, A: Area of the circle swept by 
the rotor  (m2).z, λ: Tip speed ratio of the wind system, λopt: 
optimal tip speed ratio, β: Pitch angle (degree), J: Moment 
of inertia, kg  m2, W: Turbine rotor speed in (rad/s).

(11)PT = 0.5 × A × � × CP(�, �) × v3
w

(12)� =
�m × R

vw

Fig. 13  Circuit topology for 
boost converter

Fig. 14  Modeling of wind 
turbine system used in the 
Simulation
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Figure 16 illustrates the relationship among mechanical 
powers created by the turbine and wind rotor speed at 
various speeds of the wind. It is noticed that, the MPP var-
ies with the variation of wind speed. The WT can generate 
maximum power if the turbine works at  Cp optimum value 
 (Cp-opt). Therefore, it is requisite to set the rotor speed at 
optimum rate of the tip speed ratio (λopt).

The wind turbine control zones most generally used 
is shown in Fig. 17 and consists of four operation zones. 
Zones (1, 3) represent the minimum and maximum speed 
operation of control. In this operation zone, the main 
function is to keep a constant speed of rotation of the tur-
bine at its minimum value in zone 1 and zone 3. Zone (2) 
describes the maximum power tracking. In this operation 
zone, the purpose of the speed control is to follow the 
track of maximum power extraction from variable speed 
operation with partial load. Zone (4) represents the power 
control. The main objective of this zone, limit the maxi-
mum operating speed at rated output power and the elec-
tromagnetic torque is held constant at its nominal value 
[19].

3.1  Control of MPPT techniques for WECS

There are numerous techniques for tracking MPP such as 
tip speed ratio (TSR), power signal feedback (PSF), hill-
climb search (HCS) and optimal torque control as illus-
trated in Fig. 18 [20–22].

3.1.1  Tip speed ratio (TSR)

In this type, it is desired to retain up the tip speed ratio 
(TSR) to an optimum value that extracted power is maxi-
mized by adjusting the rotational speed of the generator. 
In this case, optimal point can be known theoretically or 
experimentally and save as a reference. Although how-
ever, this type is fast response. However, the requisite of 
an accurate anemometer for measuring the speed of the 
wind causes the system more costly, especially for small 
scale of a WECS. Figure 18a depicts block diagram of a 
WECS with TSR algorithm.

3.1.2  Power signal feedback (PSF)

The PSF requires the familiarity of WT maximum power 
curve that is tracked by its control mechanisms. The maxi-
mum power curves can be given through simulation or 
experimental tests on individual WTs. Figure 18b illustrates 
block diagram of a WECS with PSF algorithm. In this case, 
Pm-opt is created by using a pre get power-speed curve. 
Wherever wind speed or the turbine speed is applied as 
the input. The controller decreases the error among opti-
mum power and actual power.

3.1.3  Hill‑climb search (HCS)

The HCS is a mathematical optimization strategy applied 
to search for the local optimum point of a specific func-
tion. It is broadly applied in WECS by searching the opti-
mal working point to extract maximum power. This control 

Fig. 15  Power coefficient (Cp) versus tip speed ratio (λ)

Fig. 16  Power curves for a typical WT with different wind speeds

Fig. 17  Power curve of turbine speed control zones



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1578 | https://doi.org/10.1007/s42452-019-1629-3

depends on perturbing a control variable in small step-
size as depicted in Fig. 18c. The HCS control does not need 
prior knowledge of the WTs characteristic curve; it is sim-
ple and flexible. So, it fails to reach the points of maximum 
power at fast wind variations when applied for medium 
and large inertia WTs.

3.1.4  Optimal torque (OT)

In OT the generator torque is controlled to get optimum 
reference torque curve according to  Pmax of the WT at a 
specific wind speed. Figure 18d depicts block diagram of 
a WECS with OT algorithm. Therewith, this control is widely 
applied in WECS. Furthermore, the OT curve that obtained 
mainly via experimental tests will change if the system 
ages and affect the efficiency of MPPT.

The optimal rotational speed of the WT can be formu-
lated as follows:

(13)�m−opt =
�opt − VW

R

(14)Pm−opt = 0.5�ACp−opt

(

�opt − VW

R

)3

(15)Pm−opt = Kp−opt
(

�m−opt

)3

So, the term for optimum torque of the turbine can be 
expressed as:

where  Kopt: Constant determined by the WT and  Pm-opt: 
Optimal power curve, Cp: Non-dimensional power coef-
ficient of the WT.

The enforcement of MPPT methods mainly requires 
mechanical sensors in order to measure wind and rotor 
speeds. Unluckily, the utilize of mechanical sensors 
requires much more maintenance in addition to their high 
costs. Thus, a new technique has appeared to ameliorate 
the efficiency of wind turbine like sensor-less control. The 
relationship between generator speed, parameters of 
PMSG,  Vd and  Id is given by:

4  Maximum power control of hybrid 
generation system

Integrating both solar energy and wind gives a more suit-
able and dependable system and also can provide power 
sharing between them at any climate conditions. Wind sys-
tem is supplying large amounts of energy but, its existence 
is highly uncertain. Also solar panel is present during the 

(16)Tm−opt = 0.5��R5
W2

opt

�3opt

= Kp−opt�
2
opt

(17)�g =
2�

�

Vd + 2RsId
�

60
�

3
√

3

�
Km −

p

2
LsId

�
.

Fig. 18  MPPT control algorithms for WECS
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day but, the solar irradiation varies owing to shadow and 
sun intensity. Figure 19 depicts  the hybrid system used in 
the simulation study. 

4.1  Multi‑input rectifier topology

In this part a new idea for a modular inverter design is 
depicted for power system that inputs power from ac 
and dc renewable sources. This topology is the collection 

of Cuk–Sepic converters, where the input can be buck, 
boosted, stabilized at the specific value, the inductor is 
used in order to reducing harmonics. The features of the 
suggested design are: MPPT can be realized for every 
source, it can backup wide ranges of solar and wind 
input and simultaneous running is supported. The pro-
posed circuit diagram of multi-input rectifier for a hybrid 
(sola and wind) is depicted in Fig. 20, one of the inputs 
is inserted to the output of PV array and another input 

Fig. 19  Schematic diagram 
of hybrid system used in the 
simulation study

Fig. 20  Proposed circuit 
diagram of multi-input rectifier 
topology for a hybrid system 
(solar and wind)

Fig. 21  a Operation mode of Sepic-converter topology (wind source only). b Operation mode of Cuk-converter topology (PV source only)
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is inserted to the output of a wind system. The fusion 
of these topologies is done by reconfiguring the two 
diodes  (D1,  D2) from every converter topology. This con-
figuration permits each topology to work normally singly 
within the case which one source is unavailable [23, 24].

Figure 21a depicts if only the wind supply is available 
where  D1 turn-off and  D2 will always be on, the sug-
gested circuit diagram be a Sepic-converter, the rela-
tion among the input to output voltage is expressed by 
Eq. (18).

Furthermore, when only the PV supply is available, in 
this case  D2 turn-off and  D1 turns on and the suggested 
circuit diagram are a Cuk-converter as depicted in Fig. 21b. 
The relation between input to output voltage is expressed 
by Eq. (19). In two cases, each converter has step-up or 
step-down which provides more design flexibility within 
the system when duty ratio control is employed to imple-
ment MPPT management.

(18)
Vdc

Vw
=

d2

1 − d2

(19)
Vdc

VPV
=

d1

1 − d1

4.2  Modes of operation

Figure 22 presents the several switching states of the sug-
gested converter. When the turn on interval of  M1 is longer 
than  M2, the switching will be state I, II, IV. Likewise, the 
switching will be state I, III, IV when the switch conduction 
intervals are conversely. For best explanation, the inductor 
current waveforms of every switching state are set as fol-
lows supposing that  d2 > d1, therefore only states I, III, IV are 
illustrated in this example. In this case,  Ii,PV is the average cur-
rent from PV supply,  Ii,W is the RMS current after the rectifier 
(wind state) and  Idc is the average output current. The key 
waveforms which present the switching states are illustrated 
in Fig. 23.

The mathematical model which relates the output volt-
age and the input sources  (VW and  VPV) will be given as 
follows:

State I (M1 on, M2 on):

iL1 = Ii,pv +
Vpv

L1
t 0 < t < d1Ts

iL2 = Idc +
vc1 + vc2

L2
t 0 < t < d1Ts

iL3 = Ii,w +
Vw

L3
t 0 < t < d1Ts

Fig. 22  Different switching states (I–IV) of the proposed multi-input rectifier topology
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State III (M1 off, M2 on):

State IV (M1 off, M2 off):

5  Simulation analysis and results

The complete system design of hybrid power system used 
here is inserted to the electrical grid that including PV and 
wind turbine system with multi-input rectifier topology. 
Simulation is done by using MATLAB Simulink software. 
The MPPT was modeled for the hybrid system (Wind-PV). 

iL1 = Ii,pv +
vpv − vc1

L1
t d1Ts < t < d2Ts

iL2 = Idc +
vc2

L2
t d1Ts < t < d2Ts

iL3 = Ii,w +
Vw

L2
t d1Ts < t < d2Ts

iL1 = Ii,w +
vw − vc2 − vdc

L3
t d2Ts < t < Ts

iL2 = Idc −
vdc

L2
t d2Ts < t < Ts

iL1 = Ii,pv +
vpv − vc1

L1
t d2Ts < t < Ts.

This system design is analysed under different environ-
mental conditions like variation of solar radiation and 
wind speed. This section is divided into three case stud-
ies: performance of the PV system, performance of wind 
energy and performance of hybrid system (PV-wind). The 
simulation results illustrated which the suggested control 
strategies achieved the desired system performance. The 
parameters applied in the simulation study are:

1. Parameters of PV Array

Module: CA Solar MS-150  M, Maximum Power 
 (Pmax): 150 W
Open circuit voltage  (Voc): 43.2 V, Short-circuit cur-
rent  (Isc): 4.87 A
Voltage at MPP  (Vmp): 34.4 V, Current at MPP  (Imp): 
4.36 A
Cells per module  (Ncell): 72, Standard Operating 
Temperature: 25 °C
Maximum irradiance level: 1000 W/m2

2. Parameters of Wind System

Type of generator: PMSG, Rated output power: 
3000 W
Stator winding: Star connection, Number of pole 
pairs: Four
Frequency: 50 Hz, Stator resistance: 0.43 Ω/phase 
and Armature inductance: 8.35 mH

Fig. 23  key waveforms switch-
ing states
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Fig. 24  The simulated model of PV system

Fig. 25  Performance of PV system
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Inertia constant: 0.01197 kg m2, Fraction factor: 
0.0012 N m s

Case Study (1): simulation results for PV system
Figure 24 depicted the circuit model for the PV system 

based simulation. The present scenario investigates the 
system performance under variation of solar irradiance 
and PV array temperature is considered to be constant 
during the complete simulation time. The variation of 
solar irradiance is illustrated in Fig. 25a. The PV array out-
put voltage is depicted in Fig. 25b. Figure 25c depicts the 
current output for the PV panel. The PV array operating 
power with and without tracking is illustrated in Fig. 25d.

Case Study (2): simulation results for wind turbine 
system

This part investigates the performance of wind system 
under variation of wind speed. Figure 26 depicted the 
circuit simulation model of the wind system. Figure 27a 
shows wind speed and power coefficient using Matlab/
Simulation. Power and tip speed ratio is depicted in 
Fig. 27b. Figure 27c illustrates the simulation result of our 
generator actual and estimated speed value and Fig. 27d 
shows the average power. Finally Power versus speed with 
and without tracking is depicted in Fig. 27e.

Case Study (3): simulation result of hybrid system using 
multi-input rectifier topology

This part illustrates the modeling of a hybrid system 
based MATLAB/Simulink. A hybrid system will ensure 
that power supply can be preserve at an optimum level 
through cloudy days for a PV device and at low wind status 
for wind generators. Figure 28 show the complete system 
design for hybrid energy system based PV device and wind 
energy. Figure 29 illustrated the simulation results of the 
hybrid system performance.

6  Conclusion

This paper presents a detailed simulation of the PV/wind 
hybrid power system model. It is carried out under MAT-
LAB/Simulink software. In this article, renewable energy 
resources are introduced like wind energy and solar sys-
tem, the discussion presents a hybrid solar/wind systems 
to suppress the problems associated with both systems 
and using advantages aforementioned. The hybrid (PV-
wind) is investigated and implemented by using MATLAB 
program. The P&O MPPT used for MPP tracking and illus-
trates the compassion between the generated power 

Fig. 26  The simulated model of WT system
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Fig. 27  Performance of wind system
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Fig. 28  Simulated model of the 
hybrid system

Fig. 29  Performance of hybrid system
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with and without the tracker. The numerical simulation 
results have proven the robustness of the proposed 
hybrid PV and wind energy in response to rapid changes 
in solar radiation and wind speed conditions.
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