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Abstract – This paper proposes the modeling and control strategy to track the MPPs of hybrid PV 
and Wind power systems, using a new dual input boost converter. The dual input power conditioning 
system with an independent MPPT control scheme is introduced with minimum number of circuit 
elements in order to reduce the switching loss, size and cost of the system. Since the operating 
conditions for the PV and Wind power systems are very distinct from each other, an efficient and 
superior control system is required to track the MPPs of both renewable sources with the use of a 
simply-structured single-ended single-inductor converter. The design of Power-Conditioning System 
(PCS) and detail control strategy are presented in this paper. To provide independent tracking of 
MPPs, a variable duty-cycle control strategy is employed for the wind system and a variable frequency 
strategy is employed for the PV system. Finally, the proposed dual-input converter for hybrid power 
conditioning system is implemented and the hardware test results are presented. From the hardware 
experiment, it is concluded that the proposed system successfully tracks the MPPs of both of the 
renewable power systems independently.
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Nomenclature

VDC dc link voltage
VC PV voltage
Ts time period
A Blade area
Vr wind speed
R Blade length 
�� Rotor speed (rpm)

λ Air density
Cp Power co-efficient
L=Lboost External inductance of the PV boost inductor
VC PV voltage
D0 Turn off duty-ratio (D0=1-D1 in CCM and 

DCM)
D1 Turn-on duty-ratio 
D2 Diode-on duty-ratio (in DCM condition)
IL, Inductor current
fs, Switching frequency
Imax, Maximum inductor current
Vs, PV source voltage
Isa, PV current
Rsa, PV source resistance
Ls, Field inductance of the wind generator 

IWind, Wind generator current
Rs, Internal resistance of the field winding
ew, Electromotive force of the wind turbine

1. Introduction

In order to meet the increasing energy demand of the 
century and to secure the earth from increasing pollution 
due to coal and oil power plants, renewable energy sources 
are prioritized over non-renewable energy sources and 
subsidized by most of the government organizations [1-4]. 
However, the renewable energy systems are not loaded 
constantly, they are sometimes recommended to be 
integrated in order to operate the system more efficiently 
and economically [5-8]. Then, some engineering issues 
such as high installing cost, complex control structure and 
inefficient power-conditioning structure of the hybrid-type 
multiple renewable-energy systems have been emerged. 
So, integrating not only the sources but also the power 
conditioning systems has naturally been an issue to obtain 
a cost-effective, compact and simple control structure.

Renewable energy systems such as PV-Wind systems 
require solar radiations and kinetic energy to produce 
electrical energy using solar panels and wind generators. 
However, solar radiation, wind velocity and wind direction
are unpredictable and change rapidly based on the 
variations of environmental conditions [9-13]. Therefore, 
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an individual power conditioning for each of the individual 
system is required to operate the interconnected renewable 
systems more efficiently.

Fig. 1 shows the general construction of a PV-wind 
hybrid renewable-energy system with distributed power 
conditioning converters. Each of the energy sources in the 
distributed Power Conditioning System (PCS) is employed
with an individual DC-DC converters [5-8].

A simple and cost-effective power conditioning system 
configuration capable of operating the converter with 
minimum switching losses is invariably required without 
compromising on independent control over the maximum 
power points of the two different sources individually. In 
order to make the DC-DC converter system more cost-
effective, compact and efficient along with an ability to 
operate in the optimal MPPT efficiency, new scheme in 
both of the converter system and control strategy is 
required.

As a promising solution, a new power-conditioning 
technique of the dual-input PV-wind hybrid energy system 
is proposed in this paper, as shown in Fig. 2. The proposed 
technique is composed of a single PWM switching cell

connected to both of the outputs of the PV and wind energy 
sources in parallel. Definition of the PWM switching cell 
is a circuit unit which consists of a pair (or more) of 
switching elements through which the whole power 
conditioning system is controlled by the complementary 
operation [21-22]. In proposed scheme, the digital controller
senses the voltage and current of the PV and wind sources, 
and then based on P&O algorithm, the digital controller 
modulates the duty-cycle and switching frequency of the 
gate signal for the main switch in the switching cell in 
order to locate the output voltage (VC) of the PV source 
and output current (Iwind) of the wind generator at each of 
the MPPs simultaneously. Vwind and Iwind can be used for 
calculation of the wind power. Since the output voltage of 
the wind generator is connected in parallel with the PWM 
switching cell of the boost converter system, the constant 
DC-link voltage (Vdc) can be utilized to calculate the
output power of the wind generator instead of the pulsating 
wind-generator voltage (Vwind) as shown by dotted line in 
Fig. 2. The average wind generator voltage can be 
precisely estimated by multiplying the DC-link voltage 
with the turn-off time ((1-D1)Ts = D0Ts) of the PWM 
switching cell. The average output power of the wind 
generator is determined as Pwind (average) = D0.Vdc.Iwind (if 
ripple is small). Then the MPPT controller unit estimates 
the voltage (VC,ref) and current references (ILwind, ref) for PV 
(MPPT controller I) and wind (MPPT controller II) 
generator systems using P&O algorithm and sends them 
to the digital compensator unit as shown in Fig. 2. The 
PV voltage is controlled through a variable-frequency 
control whereas the wind generator current is controlled 
through a variable duty-cycle control. Detailed analysis 
and design guidelines of the proposed hybrid renewable 
power conditioning system is presented in the following 
sections. The paper also presents the feedback-loop con-
troller design of the solar-wind hybrid power conditioning 
system, and also the results are validated through the 

Fig. 1. Construction of a conventional Solar-Wind power 
conditioning system for independent MPPT control 
scheme

Fig. 2. Control technique of the proposed PCS for hybrid renewable energy system
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hardware implementation of the proposed design. Both of 
the detailed small-signal modeling of the solar and wind 
sources are given below in section II.

2. Proposed Dual Input Single-ended PV-Wind 

Hybrid Power Conditioning System

DC-DC converters of a hybrid solar-wind energy system 
need an efficient power conditioning system to operate the 
converter efficiently and economically along with the 
capability to extract the maximum power from each of the 
renewable energy sources [23-24]. Solar panel and wind 
generator are distinct in term of the nature of the sources, 
availability of power and loading factor of the system. The 
next section introduces a new power conditioning energy 
system topology and the control achieving both of the cost-
effectiveness and the high efficiency.

2.1 Power stage of the proposed dual-input single 
ended topology

The power stage of the proposed hybrid solar-wind 
power conditioning system is shown in Fig. 3. For the
successful implementation of a dual-input solar-wind 
hybrid power conditioning system, a simply-structured 
single-ended single-inductor (wind side uses the intrinsic
inductor of the generator) boost converter topology is 
proposed in this paper for the individual tracking of MPPs 
through the simplest power processing schemes.

Then, the system cost, size and converter switching 
losses can be minimized by the integration of PV-Wind 
sources using the boost DC-DC Converter. The simply-
structured single-ended single external inductor dual 
input boost converter topology has a single active switch 
with the gate driver circuitry, almost same as the circuit 

component of a single-sourced power conditioning system. 
The boost converter configuration can be used to step-up 
the low input voltage from the sources up to the high DC-
link voltage. The converter requires one inductor (LBOOST) 
and a diode to configure a boost operation to track the MPP 
of the PV system. The boost inductor is chosen to operate 
under Discontinuous Conduction Mode (DCM) because 
the PV voltage (VC) is controlled through a variable 
frequency control method. Whereas, in case of the wind 
generator system, there is no external inductor or a diode is 
required because an equivalent inductor offered by the field 
windings of the wind generator itself can be used for the 
boost converter operation of the wind power conditioning 
system [25-26]. Since the equivalent inductor of the wind 
generator is usually high enough to operate the boost 
converter in Continuous Conduction Mode (CCM), the 
output current (ILwind) of the 3-phase wind rectifier 
becomes continuous. In this case, the MPP of the wind 
generator is tracked by perturbing the output current (ILwind) 
of the wind generator through a variable duty-cycle control 
scheme. Therefore, the proposed hybrid system can be 
built with a single-PWM single-ended topology in a cost 
and size-competitive hardware structure along with 
single PWM control scheme. The design of the two-loop 
feedback controller for the hybrid PV-Wind renewable 
system is presented in section III and IV in detail. 

2.2 Design consideration

The MPPT of the photovoltaic power system is 
controlled by a variable frequency control of boost 
converter under discontinuous current mode. Therefore, the 
inductance should be designed small enough to guarantee 
discontinuous conduction mode in all of the switching-
frequency and duty-cycle ranges. The switching frequency 
is determined by the digital compensator (compensator-I 
in Fig. 2) following the MPPT controller in perturb-and-
observe (P&O). The boost inductor can be designed to 
operate in discontinuous conduction mode based on the 
analysis using the boost converter model shown in Fig. 4.

From Fig. 4, the voltage transfer gain can be expressed 
using the turn on (D1) and turn-off (D0=1-D1) period of the 
boost converter using Eq. (1).

V�� =
�����

��
V� . (1)

Fig. 3. Hybrid solar-wind power conditioning system with
the proposed converter Fig. 4. Boost converter circuit with PV source model
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The peak inductor current of the boost converter, IP is

I� =
����

�

��

�����
V�� . (2)

If we consider a boost converter system with an energy 
conversion efficiency of nearly 100% (Pout = Psa), then the 
equivalent load resistance, Req of the boost converter can 
be defined by the equation given in Eq. (3)-(4),

R�� =
���

�

���
(3)

where, Psa is the power output of the photovoltaic system 
and Pout is the output of boost converter shown in Fig. 4.

Average load	current, I�=	
���

���
(4)

The average output current, Io can be defined in terms of 
peak inductor IP, current using Eq. (5),

I� =
�

�
D�I� (5)

Combining Eq. (4) and (5), the minimum adequate
inductance, Le required to operate the boost converter of 
the PV system in discontinuous current mode can be 
expresses as Eq. (6),

L�=
����

����

���
(6)

The PV boost converter is allowed to operate only 
under discontinuous current mode to keep the hybrid 
power conditioning system in stable operating conditions. 
Therefore, the inductance value, Lboost must be chosen 
carefully to keep the boost converter of the PV system in 
discontinuous conduction mode (DCM) in all the operating 
regions from light load to full load [27-28]. From Eq. (6), 
it is seen that the value of the inductor to keep the boost 
converter in discontinuous current mode also depends on 
variation in duty ratio (D1), variation in switching frequency
of the converter (fs) and changes in the equivalent load 
resistance (Req) of the boost converter at different PV 
power. Therefore, in order to avoid continuous current 
mode of boost converter under load variations, the inductor 
value is chosen for the minimum load resistance (Req-min). 
In other words, if the boost converter of the PV system is 
designed to operate in discontinuous current mode when 
delivering the maximum power to the load, it remains in 
DCM condition under all load conditions. For example, 
when the operating frequency of the single ended boost 
converter is 20 kHz-50 kHz, to keep the converter within 
the discontinuous current conduction mode, the inductor 
value is designed for the maximum switching frequency 
(fs-max=50 KHz) of the converter. 

�(��)

���
=
�(��(����)

�)

���
=1−4D1+3D1

2 (7)

Like load resistance and switching frequency, duty ratio 
also a parameter which decides the operating modes of a 
boost converter. The duty ratio that provides the maximum 
inductor value can be calculated by the differential
equations shown in Eq. (7). From Eq. (7), the duty ratio 
(D1) required to operate the converter in discontinuous 
conduction mode at the worst case inductance is 0.66. With 
the DCM operation at the duty cycle, it is guaranteed that 
the converter operates in discontinuous current mode under 
all other duty-cycle operation. Therefore, the maximum 
value of the inductor Lboost, should be designed at the 
worst case conditions such as minimum load resistance, 
maximum operating frequency and critical duty ratio of 
0.66 to keep the converter in discontinues conduction mode 
at all the operating conditions of the hybrid system [26]. 
From the selection of an inductance smaller than the 
boundary one, the digital controller needs only one PWM 
signal in order to simultaneously regulate both of the 
outputs of PV and wind systems through dual-input hybrid 
power conditioning system. The frequency and the duty 
ratio of the PWM signal are modulated at the same time, 
which makes the analysis of the dynamic responses and the 
controller design complicated. It is analyzed in Section III.

An equivalent circuit model of a wind generator is 
shown in Fig. 5 with an induced back EMF voltage eW, in 
series with an equivalent field winding inductor Ls, field 
winding resistance, Rw and an external rectifier diode [29-
31]. Adding a PWM switching cell forms a boost converter 
shared with PV system.

T� =
��

��
=

����

��
= k�i� (8)

e� = k�ω� (9)

T� =
���

��
(10)

P�� =
�

�
ρАV�

�C�(λ, θ) (11)

λ =
���

��
(12)

where, A=πR� and, T� =
�

�
ρАRV�

� ��(�)

�
		(13)

Eq. (8) shows the electrical torque (Te) in terms of 

Fig. 5. An equivalent circuit model of a wind generator
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electrical power (Pe) and electromotive force (ew). 
Mechanical torque (Tm) and mechanical output power (Pwt) 
of the wind generator are given in terms of Eq. (10) and 
(11). The mechanical torque and power of the wind 
generator can be defined using the power coefficient Cp 

using Eq. (12) and (13). The equations can be used to 
model the wind generator system to validate the proposed 
converter. Variation of power coefficient for the different 
air density of wind is defined in Eq. (14). 

C� = A�λ� +A�λ� +A�λ+A� (14)

where, A1, A2, A3 and A4 are the coefficients of λ.
The detailed construction of the hardware prototype 

and the wind generator model to realize different operating 
conditions of the proposed hybrid power conditioning 
system are explained in experiment section.

In order to generate the maximum power of the hybrid 
system, the switch and diode of the boost converter should 
be designed with a power capacity in consideration of the 
PV and wind power summation. Hence the generation 
efficiency can be low when only one of the hybrid operates. 
The design process in perspective of the power rate for the 
proposed system is as follows.

The voltage stresses of the switch and diode are the 
output voltage, same as a simple boost converter.

The current stresses of the switch and diode, isw,pk, is the 
summation of each power source current, derived as:

i�� =
�����

��
+

������

���
+

�������

������
(15)

And also, the modified equation can be derived 
according to the design specification parameters by 
eliminating D1, such as:

i�� =
�����

��
+

����

���
(
����

��
) +

�����

������
�
���

�����

�
(16)

where Mw = VDC/ew, Mpv = VDC/Vpv, Pwind is the maximum 
wind power, K = RTs/2L.

From the voltage and current stresses, the switching 
device can be selected.

The overall controller design considerations are as 
follows.

In Fig. 6(a), the wind power controller is shown. The 
parameter Vout means the boost output voltage and Isen

means the rectified wind current. The wind MPPT 
controller receives the wind voltage and current simul-
taneously, and gives a current reference iref to the wind 
current feedback control loop. Then, a PI compensator 
(H(s)) controls the wind current through the negative 
feedback operation. In Fig. 6(b), a controller block diagram 
of the PV power system is presented. MPPT2 module is 
the PV MPPT controller which receives the PV voltage 
(Vpv_sen) and current (Ipv_sen), making the PV voltage 

(a) Controller block diagram of the wind power system

(b) controller block diagram of the photovoltaic power 
system

Fig. 6. Control configuration of the PV-wind hybrid power 
conditioning system

reference (Vpv,ref) for the voltage feedback loop. Then, a PI 
compensator (H(s)) controls the PV voltage through a 
switching frequency variation. The variation is made by a 
triangle slope control which uses a variable current source 
adjusted by the compensator output. When a triangle 
reaches a level, a comparator reset a capacitor which stores 
the charges of the current source. The triangle gives no 
influence on the duty cycle, so the wind controller and PV 
one can work independently. Actually, the controller is a 
digital signal processor in real hardware, so the figures 
were implemented in C code.

3. Small Signal Modeling

3.1 PV system

The dynamic characteristic modeling of the PV system is 
carried out to design a stable frequency-control loop under 
a discontinuous conduction mode. In the feedback control 
configuration, the voltage and current information of the 
PV system are sent to digital controller and the system is 
regulated to deliver the maximum output power using a 
perturb-and-observe control algorithm [14-16]. The control 
structure of the photovoltaic system using digital controller 
is shown in Fig. 7. In order to the design the variable-
frequency control loop for the PV system, the control 
(frequency)-to-PV-voltage transfer function should be 
derived. In this section, the PV source connected to a boost 
converter is analyzed using state-space averaging technique 
and the control-to-PV voltage transfer function is derived
through the linearization process under small-signal 
assumption. 

The small signal modeling of the PV system is derived 
in Appendix section and the final control-to-PV voltage 
transfer function is given in (A.25). The control (switching 
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frequency) to PV voltage transfer function of the boost 
converter is presented in Eq. (17). Fig. 8 shows the bode 
plot of the control-to-PV voltage transfer function of PV 
system using the mathematical model shown in Eq. (17).

���(�)

���(�)
=

��
��

��

�����
�

�

���
�

��
���(������)

�
��

������
�
����(�����)

����(������)
�
��(�����)

����

(17)

3.2 Wind generator

The electrical output power of the wind generator is 
optimized and controlled through a variable duty-cycle 
control method by operating the boost converter in 
continuous conduction mode thanks to the high inductance 
of the field windings from the wind generator. The 
continuous output current of the wind generator and the 
DC link voltage are sent to the digital controller and the 
system is regulated to deliver the maximum output power 
using perturb-and-observe control algorithm. The control 
structure of the wind power generator is shown in Fig. 9. In 
this section, the wind generator model connected to the 
PWM switching cell of the hybrid power conditioning 
system is analyzed. 

Fig. 9. Control structure of the wind generator model

The small signal modeling of the wind system is derived 
in Appendix section and the final control-to-wind generator 
current transfer function is given in (A.36). The control 
(duty cycle) to wind generator current transfer function of 
the boost converter is presented in Eq. (18), 

GW=
��̂(�)

���(�)	
=

���

������	
(18)

4. Transient Analysis

The entire control configuration of the hybrid solar-wind 
renewable energy system is shown in Fig. 10. The thick 
solid lines mean the feedback controller gain of the 
integrated PV-wind system, whereas the dotted lines show 
the open-loop transfer characteristics of the hybrid power 
plant. The combined structure shows how the total system 
is controlled through the variable frequency and variable 
duty-cycle control-parameters under a dynamical crosstalk 
(Gdpv) between them.

The relationship between each of the control variables of 
Fig. 10 can be expressed as,

V�� = V���−T��� + G���d�� + G������V��� (19)

where, d�� = −H�(G���V��� + G�d��) .
And also, 

(1 + T�)d�� = −H�G��V��� (20) 

by substituting Eq. (20) into Eq. (19) ,

�1 + T���V�� =
����������

����	
V��� + G������V���. (21)

After arranging the terms,

���

����	
=
������������������(����)

(�����)(����)	
(22)

Eq. (22) shows the closed-loop transfer function of the 
DC-link-voltage-to-PV voltage. Using the control block 
diagram shown in Fig. 10, the loop gain characteristic 
transfer function of the entire hybrid power conditioning
system can be expressed by the Eq. (23),

Fig. 7. Control structure of the PV system

Fig. 8. Bode plot of the control-to-PV voltage transfer 
function of PV system
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Fig. 10. Control block-diagram of the hybrid solar-wind 
renewable energy system

Tchar = Tw+Tpv+TwTpv (23)

A stable and effective control operation for the hybrid 
renewable energy power conditioning system depends on
the design of each of the closed loop transfer functions of 
wind and PV systems (TPV, TW). The characteristic loop-
gain function (Tchar) of the hybrid control system is given 
in Eq. (23). From the equation, it can be seen that the 
stability of the hybrid system is related to the design 
factors of the loop-gain of the individual systems such as 
the wind PCS and the PV one. Among the terms, product 
term of the wind and the PV loop gain, TwTpv, clearly 
shows that there is an interaction between the two 
individual systems. In order to guarantee the hybrid system
operate in stable responses, all the loop gains such as PV
(TPV), wind (TW) and the entire hybrid system (Tchar) are
required to be in stable criteria. The individual system loop
(TPV, TW) design procedures are conventional and straight-
forward [7, 28].

However, the hybrid loop gain (Tchar) is quite 
complicated since the product term (TwTpv) in the total loop 
gain leads the gain to very different features of the 
bandwidth and the stability from the single loop gains. In 
this paper, for the intuitive controller design, loop gains of 
the PV and wind systems are designed for the bandwidth 
to be located far from each other to reduce the effect of 
interference in the total loop gain. Then, the gain of TwTpv

becomes relatively small to the other terms around the 
bandwidth frequency of the total loop, so the phase and 
gain margins of the control loop, Tchar can be almost the 
same as those of the stable loop of the PV or wind. In 
this paper, the bandwidth of the PV system loop gain is 
designed to be 10 times greater than that of the wind 
control loop-gain in order to separately design the PV and 
wind feedback-loop controller with negligible interference 

between them.
Examples of the PV and wind controllers’ design results

are shown in Fig. 11 (TPV) and Fig. 12 (TW), respectively. 
It can be seen from the bode plots that the bandwidth 
frequencies of the PV and wind generator systems are 
designed with an adequate separation from each other at 
the frequencies of 10 Hz and 345 Hz for wind and PV 
system respectively. The dynamic interaction between the 
two control loops can be effectively reduced by providing 
enough separation between them on the frequency domain.

5. Hardware Result

In order to prove the validity of the proposed simply-
structured single-ended single-inductor hybrid power 
conditioning system, the dual-power hardware prototype 
was implemented. The construction of the hardware 
prototype is shown in Fig. 13. The key parameters of the 
PV boost converter and wind generator are presented in 
Table 1 and 2.

Fig. 11. Loop gain of the PV system (Tpv). The bandwidth 
frequency is 345Hz and phase margin 84.3 degree.

GW, duty-to-wind generator current transfer function 

�
��̂(�)

��(�)	
�. HW = compensator transfer function, TW = closed 

loop transfer functions of the wind generator system 
bandwidth frequency, 10 Hz and phase margin 90.9 
degree

Fig. 12. Bode plot transfer functions of the wind system



Daniel Thenathayalan, Ashraf Ahmed, Byung-Min Choi, Jeong-Hyun Park and Joung-Hu Park

http://www.jeet.or.kr │ 797

A PV-array simulator (TerraSAS) and a motor-generator 
(M-G) coupled wind simulator are used to demonstrate the 
electrical characteristics of the hybrid PV-Solar renewable 

energy sources as shown in Fig. 13. The V-I characteristic
of the PV-module used to validate the proposed power 
conditioning system is shown in Fig. 14. The output DC-
link voltage is set to 200V. The boost-inductor Lboost is 
designed to be 62 uH to operate the PV boost under DCM 
in all the operating conditions. In order to realize the 
operating conditions of a wind generator, an M-G set was 
utilized. The Maximum Power Points (MPP) of the wind 
simulator at different wind and turbine speed are plotted in 
Fig. 15. By varying the speed of an electric motor of the 
M-G set, the different MPP conditions can be realized.

For the performance validation of each power-system, 
individual power conditioning system was implemented 
and tested. The test result of the PV voltage (VC) of the 
independent PV system when operating at MPPT voltage 
of 30.3 V is shown in Fig. 16. The instantaneous PV-
voltage is perturbed between 28.9 V and 31.5 V to keep the 
output power of PV panel at the MPP. The DCM inductor 
current waveforms at each of the voltage steps are also 
shown in Fig. 16. It can be seen that the switching 
frequency also varies from 27.05 KHz to 32.83 KHz 
according to the voltage levels.

Table 1. Parameters of the PV source and the converter

MPP Voltage Range 28V-42V

VDC 200V

Rsa_boost 26.5Ω

Lboost 62uH

Cboost 680uF

Table 2. Design parameters of the wind simulator

Parameter Symbol Value

Wind Velocity Vr 8-12 [m/s]

Blade Length R 1.1 [m]

Lambda-3 co-efficient A1 -0.0016

Lambda-2 co-efficient A2 0.017

Lambda-1 co-efficient A3 0.025

Lambda-0 co-efficient A4 -0.078

Air Density ρ 1 kg/m3

Turbine Speed ω� 0~1300 rpm

Fig. 13. Experimental setup of the proposed hardware 
prototype

Fig. 14. V-I and V-P characteristic curves of the PV 
system under a particular radiation and the 
MPPT efficiency status bar

Fig. 15. Maximum power point of the wind generator at 
different wind and turbine speed

Fig. 16. Key waveforms of the PV boost converter, the 
MPPT voltage is 30V (The PV voltage (C1) and 
the inductor current waveforms (C2) at each of the 
voltage steps)
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Fig. 17 shows the output current waveform of the wind 
generator under an independent operation of the wind 
power system without PV operation. The wind speed was 
set to be at 11 m/sec. The figure proves that the internal 
inductors of the wind PCS operates in continuous 
conduction mode. The average current mode controller of 
the wind generator controls well the current around the 1-A 
MPP by duty cycle adjustment to draw the maximum 
output power from the generator as shown in Fig. 17. From 
the figure, it can be seen that using P&O algorithm, the 
wind generator system tracks the MPPT range successfully. 

Finally, in Fig. 18, the MPPT key waveforms of the 
proposed hybrid Solar-Wind single-ended single-inductor 
DC-DC converter connected to a single PWM switching 
cell is presented. The MPPT voltage reference for PV 
system is set to be 39 V and the MPPT current reference 
for wind generator system is set to be 1 A. From Fig. 18, it 
can be seen that the proposed single-PWM operated single 
switching-cell converter can successfully track the MPPT 
voltage and MPPT current of the hybrid solar-wind power 
system simultaneously using P&O algorithm.

The trade-off of the proposed scheme is the power 

efficiency. The power flow path from PV and wind to the 
load is exactly the same between the proposed and the 
conventional ones except the extra diode in series with 
LBoost. The proposed scheme should consider the power 
loss in the diode conduction. So, the authors newly 
measured the efficiency of the PV power conditioning 
system. Below is the result. Table III inserted in manuscript
revision shows the part number list and the key parameters 
of the hardware prototype. The efficiency graphs of the 
hardware prototype according to the input voltage 
variations are presented in Fig. 19. From the figure, it 
can be seen that the proposed converter has the maximum 
efficiency of 92%, which is very high even though the
value is slightly lower by around 2 % than the conventional 
boost-converter power conditioning system. The other 
two conventional topology, such as flyback and flyback 
charge-pump [32] converters have lower efficiencies than 
that of the boost converter in conventional separate power 
conditioning converter architecture as shown in the figure.

6. Conclusion

The output power of a renewable energy sources such as 
wind and solar systems varies over the weather and climate
conditions. Because of the reason, a hybrid renewable
power conditioning system with the ability to control each 
of the sources independently to provide stable power 
production with a high energy-conversion efficiency is 
required. In this paper, a new hybrid power conditioning

Fig. 17. The voltage (Vwind) and current (Iwind) waveforms
of the independent wind generator system at the 
wind speed of 11m/sec

Fig. 18. MPPT key waveforms (VC and Iwind) of PV-Wind 
hybrid renewable energy system

Table 3. Key parameters and the component list of the 
hardware prototype for efficiency measurement

Vc 29-41 [V]

LBoost 62 [uH]

Cboost 680 [uF]

VDC 200 [V]

PV diode MBR40250

Boost diode MBRF20200CTG

MOSFET IRFP4868

Fig. 19. The efficiency comparison of the hardware proto-
type of the PV power conditioning system
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system with dual-sourced single-inductor single PWM-
switching-cell converter is proposed. A new frequency and 
duty-cycle hybrid control technique has also been introduced
to simultaneously operate the proposed system at the 
corresponding MPPs using P&O algorithm with minimum 
number of switching elements. The small signal analysis of 
the boost converter with PV and wind systems is presented. 
Guidelines to design a stable MPPT control loop for the 
proposed single ended PV-wind renewable power condition
system is also presented. Finally, the system and control 
techniques are validated through the hardware imple-
mentation. The results prove that the system successfully 
provide an individual MPPT control to each of the 
renewable energy sources operating at different power 
levels with reduced switching devices as well as the single
gate drivers for the cost and size effectiveness.

Appendix

A. Small signal modeling of PV boost converter

When the switch is closed (DCM mode-I operation), the 
voltage-second balance equation of the boost inductor can 
be expressed as eq. (A.1) using the small-signal PWM 
circuit of the boost converter in Fig. A.1.

L
���

��
= v� (A.1)

When the switch is open (DCM mode-II operation), the 
voltage second balance for the boost converter becomes,

L
���

��
= v� − V�� (A.2)

Applying state-space averaging technique to (A.1), (A.2)

L
���

��
= v�D� + (v� − V��)d� (A.3)

Small signal perturbation to all the control terms,

i� = I� + ı�̂ (A.4)

v� = V� + v�� (A.5)

d� = D� + d�� (A.6)

Applying small signal linearization process to eq. (A.3),

L
�(�����̂)

��
= (V� + v��)D� + �(V� + v��) − V���(D� + d��)

(A.7) 

By Laplace transform,

sLı�̂(s)=D�v��(s)+D�v��(s)+(V� − V��)	d��(s)		 (A.8)

In case of DCM operation, the average inductor current 
ı�̂(s)	= 0, therefore eq. (A.8) becomes,

d��(s)=	
�����

������
v��(s) (A.9)

The average inductor current iL is,

i�=
�

��

�

�
i���(D� + d�)T� (A.10)

From Eq. (1) - Eq. (5),

i���	=	
������

�
(A.11)

i�=	
����(�����)

����
(A.12)

f�i�	=
	����(�����)

��
(A.13)

Applying small signal Perturbation,

F�=F� + f��(s) (A.14)

Applying state space averaging technique to equation 
(A.13)

�F� + f��(s)�(I� + ı�̂(s)=
��

��
�V� + v��(s)�(D� +D� + d��(s)) (A.15)

By simplification, 

F�ı�̂(s) + I�f��(s)=	
��

��
�V�d��(s) + (D� +D�)v��(s)� (A.16)

F�ı�̂(s) = −I�f��(s)+
��

��
�V�d��(s) + (D� + D�)v��(s)�	(A.17)

After rearranging terms,

ı�̂(s) = −
��

��
f��(s)+

��

����
�V�d��(s) + (D� +D�)v��(s)� (A.18)

When applying KCL at node ‘a’ in Fig. A.1 under DCM 
mode-II operation of boost converter (duty is D2),

C
���

��
=−

��

���
− I�=−I�� − I� (A.19)

Applying state space averaging,

C
���

��
=(−

��

���
− I�)D�+(−

��

���
− I�)D� (A.20)Fig. A.1. small-signal PWM circuit of boost converter
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Applying small signal linearization to Eq. (A.20),

C
�(������)

��
=�−

(������)

���
− (I� + ı�̂)�D�

+�−
(������)

���
− (I� + ı�̂)� (D� + d��) (A.21)

After Laplace Transformation, 

sCv��(s) = −
D�
R��

v��(s) − D�ı�̂(s) −
D�
R��

v��(s) − D�ı�̂(s)

−	
��

���
d��(s) − I�d��(s)														 (A.22)
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���
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(A.23)

By substituting Eqs. (A.9) and (A.18) into Eq. (A.23), it 
becomes,

sC���(�)+
�����

���
���(�)=

(D1+D2)
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)v��(s) (A. 24)

After simplification of Eq. (24), the control-to-PV 
voltage transfer function of the PV system can be 
expressed by the Eq. (A.25)
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Small signal modeling of boost converter for wind 
generator system

When the switch is on (turn on duty D1), the voltage 
second balance equation of the boost converter can be 
expressed as,

L�
���

��
= e� − R�i� (A.26)

When the switch is off (turn off duty D0=1-D1):

L�
���

��
= e� − R�i� − v�� (A.27)

Applying state-space averaging to (A.26) and (A.27),

L�
���

��
= (e� − R�i�)D� + (e� − R�i� − v��)(1 − d�)

(A.28)

L�
���

��
= e� − R�i� − v��(1 − d�) (A.29)

Applying small signal perturbations,

i� = I� + ı�̂ (A.30)

d� = D� + d�� (A.31)

e� = E� + e�� (A.32)

v�� = V�� + V��� (A.33)

Applying small signal averaging technique and lineari-
zation process to eq. (A.28) and (A.29),

L�
d(I� + ı�̂)

dt
= (E� + e��) − R�(I� + ı�̂) −

	(V�� + V���)(1 − (D� + d��)) (A.34)

Excluding all DC terms, the small signal equation of 
equation (A.34) becomes, 

L�
d�ı�̂(s)�

dt
= e��(s) − R�ı�̂(s) − V���(s)(1 − D�)

+V��d��(s) (A.35)

From equation (A.35), the control (duty ratio (d1)) to 
output current (iw) transfer function of the wind generator 
system can be expressed by the equation (A.36),

��̂(�)

���(�)	
=

���

������	
(A.36)
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