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Abstract- Fluctuations are induced by the wind power variations at the common coupling point of the hybrid system. The 

intensity of the resulting perturbations is related to the penetration ratio of the renewable energy. In this paper, wind generator 

and photovoltaic are combined with the diesel generator to supply energy to the DC-bus. Interactions between these sources 

are studied before the inserting of the ultracapacitors and lead acid batteries, for power fluctuations mitigation. To ensure a 

good life cost and good performance of the system, a method of storage sizing, integrating the devices lifetimes estimation is 

proposed. This method takes into account the system applications conditions. The experimental test bench is designed in a 

reduced scale, and some simulations and experimental results are presented and analyzed. 
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1. Introduction 

Nowadays, renewable energies are considered 

as the mean to reduce fuel consumption and air 

pollution. But, the stochastic variations of the 

climatic conditions can induce several 

constraints in the electrical power generation 

system [1-3]. Energy fluctuations can have a 

significant effect on the design and 

performances of the individual wind turbines, as 

well as on the quality of the power delivered to 

the network and to the consumers.  

In this paper, the wind-PV-diesel hybrid 

system coupling is studied and the interactions 

of these sources are analyzed. The significant 

part of the wind generator power fluctuations is 

located below 1Hz. Most of the high frequency 

fluctuations (above 1Hz) are effectively damped 

by the large inertia of the wind generator (WG). 

Their magnitudes are irrelevant [4-6]. It can be 

noticed that the photovoltaic (PV) power is 

smoothed in the cloudless conditions and the 

diesel engine is a slow dynamics system. So, 

storage devices are required to mitigate the 

disturbances induced by the wind generator 

current on the DC-bus. Ultracapacitors (UC) and 

Batteries are used in this aim. The system 

stability and autonomy is related to the storage 

devices capability to ensure their missions [4,7-

9]. For this reason, it becomes necessary to 

perform a good sizing of the storage devices.  

The Rainflow counting method is used to 

estimate the number of cycles and the storage 

devices lifetime. The synoptic of the studied 

hybrid system is presented in Fig.1. The energy 

management strategies are illustrated through 

some simulations and experimental results, 

which are presented and analyzed. 

2. Wind and Photovoltaic Power Generation 

2.1. Wind power generation 

The wind speed includes a low frequencies 

component WBF and a turbulent component 

Wturb, as expressed in (1). The power supplied by 
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the wind generator to DC- bus follows the variations of wind speed. 

 

Fig. 1. Wind-PV-Diesel Hybrid system configuration. 
 

The significant part of the wind power is 

located in the frequency domain below 1Hz. 

Most of high frequencies fluctuations (above 1 

Hz) are effectively damped out by the wind 

generator large inertia, their magnitudes are not 

significant [4,6]. 

 

turbBFs WWW         (1) 

 

To generate the wind energy, a permanent 

magnet synchronous generator (PMSM) is 

driven by the wind turbine. A diodes rectifier 

bridge is associated with a buck converter to 

operate the system at its maximum power. 

This solution induces a reduction of fuel 

consumption by the diesel generator. The used 

MPPT method in this study is detailed in 

previous works [10]. This method shows that the 

rectified current is a quadratic function of wind 

speed, according to (2). 
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2.2. Photovoltaic power generation 

In this paper, the proposed MPPT strategy 

uses only the measurement of the PV current to 

track the maximum power. A buck converter is 

interfaced between the PV panel and the DC-bus 

to transfer the PV maximum power. The PV 

current is measured for each variation of the 

solar radiation, and the duty cycle D is estimated 

to switch a buck converter. 
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The corresponding MPPT control law is based 

on the buck converter average model. The duty 

cycle value D can be deduced according to (4). It 

can be observed that for a constant DC-bus 

voltage, the power variation is proportional to 

P*. 
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The plot of P* as function of duty cycle shows 

that only one maximum power point exists for 

each radiation [11]. The MPPT algorithm 

deduced from this observation is summarized in 

Table I. The elementary variations ∆P* and ∆D 

are defined in (5). The duty cycle is incremented 

or decremented by a constant value Δd 

according to the position of the measured current 

Ipv relating to the maximum point. 

* *( ) *( )

( ) ( )      

P P t dt P t

D D t dt D t
       (5) 

 

Table 1. The duty cycle is incremented or decremented 

according to ΔP* and ΔD signs 

ΔP* ΔD Following step 

>0 >0 +Δd 

>0 <0 -Δd 

<0 >0 -Δd 

<0 <0 +Δd 

 

3. Interactions on the DC-bus of a no-Storage 

Wind-PV-Diesel System 

The disturbances induced by the wind 

generator on the DC bus can reduce the system 

performance. Analysis of these disturbances is 

required to ensure compatibility between the 

diesel generator (DG) missions with its 

dynamics. 

In such a hybrid system, the DG system 

controls the DC-bus voltage. To satisfy the 

power required by the load, the DG is subject to 

the combination of the wind power and the PV 

power variations. This situation is analyzed 

through simulation results presented in Fig. 2 to 

Fig. 4. These simulations are carried out to 

analyze the interactions that occur on the DC-

bus and the dynamic limits of the DG. In these 

simulations, the diesel engine is modelled as a 

first order transfer function [12,13].  

In part I (Fig.2 to Fig.4), the wind speed is 

constant and the solar radiation varies slowly. 

The difference between the renewable power 

(wind and PV) and the load need is compensated 

by the DG. It can be observed a good control of 

the DC-bus voltage around 110V by the DG.  

In part II, the wind speed contains 

disturbances with a frequency of 30mHz. The 

DC-bus voltage regulation is not sufficiently 

performing. It appears a periodical overshoot 

varying from -4.5% to +7%. The overshoot 

value is related to the penetration ratio of the 

wind power. 

In part III, the wind energy contains 4Hz of 

disturbances. The control is very instable with an 

overshoot varying from -32% to +90%. The 

wind power variations are too faster than the DG 

dynamics. It can be observed that the PV power 

is as fluctuating as the DC-bus voltage, for a 

smoothed solar radiation.  So, the instability of 

the DC-bus is propagated over the hybrid 

system. 

In part IV, the wind energy contains 1mHz of 

disturbances.  The DC-bus voltage is well 

regulated to the set point and the PV power is 

not polluted. 

Thus, it results poor regulation of DC-bus 

voltage if there is incompatibility between the 

dynamics of DG and its mission. This can also 

lead to poor efficiency of the DG. 

To ensure proper system performance, faster 

compensation of fluctuations must be ensured by 

using high dynamics sources, such as storage 

units. The storage devices are able to absorb 

high dynamics disturbances to improve the 

hybrid system performance. 

 

4. Dedicated Sizing of Storage Devices 

Sometimes, the renewable energy system is 

designed by only considering the storage devices 

lifetime estimated by the manufacturer and by 

using the hourly data. The impacts of actual 

conditions (intermittencies of wind or solar 

energies) in the storage devices lifetime are not 

taken into account. But, knowledge of renewable 

energy system shows that battery’s lifetime is 

drastically reduced when operating under big 

number of cycles. So, it becomes important to 

size the storage devices by integrating the 

turbulent part (short-term variations) of the 

renewable resources in the constraints. In this 

context, a new method of storage units sizing is 

proposed in this paper. The principle of this 

strategy is shown in Fig.6, and explained as 

following: 
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1. Hybridization factors are applied to the 

specifications (wind energy potential of the 

location and load power) to determine whether 

or not storage units are necessary; 

2. Various storage configurations are then 

studied. Three cases are possible: using only 

batteries or only ultracapacitors or combination 

of the two storage units; 

3. Depending on configuration, a strategy for 

energy management is defined and applied to the 

system; 

4. Simulations are then performed with 

Simulink software model by considering that the 

storage units can effectively ensure their 

mission; 

5. The storage capacity is estimated from the 

simulations results. The database of 

manufacturers is used to select the 

characteristics of the storage devices. Then, the 

lifetime of the storage units is estimated; 

6. If the determined parameters are acceptable 

(better than for other configurations), then the 

system is simulated again with more refined 

models of the selected storage units; 

7. If the system is considered efficient 

(disturbances effectively absorbed by storage 

devices), the storage devices choice is validated, 

otherwise the sizing loop is computed again 

 

4.1. Hybridization factors 

The storage devices are integrated in the 

hybrid system in aim to optimize the system 

performance. Their choice must therefore meet a 

real need in the conditions of operation. For this, 

it is necessary to provide criteria for decision 

support that can give, to the designer, an idea 

about the potential reduction of fluctuations by 

the storage sources using. 

The required characteristics (capacity, 

reaction time) of the storage devices dynamics 

depend mainly on variations of the power to be 

compensated by the DG. The relative variation 

of power, defined as the Hybridization Factor of 

Power HFP (6), reflects the importance of the 

fluctuating power compared to the average value 

of the DG mission. In this equation, Pmax and 

Pmean are respectively the maximum and average 

powers. The system is very favourable to 

hybridization if PHF is equal to 1 and very 

unfavourable for HFP equal to 0. 

 

                                  else                     1

0P  and  0P    if       maxmean
max

max

P

PP

PHF
mean

    (6) 

Nevertheless, it appears that two profiles of 

same maximum power and same average power, 

thus with same HFP, may contain fluctuations 

with different nature [14].Thus, for the same 

HFP, the capacity of storage units may be more 

or less large depending on the fluctuations speed 

(frequency) and their amplitudes related to the 

mean power. A second factor is therefore 

necessary in aim to take into account the nature 

of the disturbances contained in the mission 

profile of the diesel generator. The Energy 

Hybridization Factor (EHF) is used to express 

the nature (frequency and regularity) of the 

energy variability (8). Its value indicates the 

degree of difficulty to integrate the storage units 

in the system. 

A more regular profile (the largest EHF) 

contains less energy to store and therefore a 

greater potential of hybridization. It is therefore 

more appropriate to the energetic hybridization 

of the system. 

 

                                  else       

0E  and  0P    if       smax
max

sE

P

EHF     (7) 

 

The energy variation ΔEs is estimated as presented 

in (8). 

 

        ))(min())(max(

                     ))((

0

tEtEE

dtptpE

sss

means      (8) 

 

 

 

 

 

 

 

 



International Journal Of Renewable Energy Research, IJRER 

M.A.Tankari, M.B.Camara, B.Dakyo, C.Nichita , Vol.1, No.2, pp.86-95 ,2011 

90 
 

 
Fig. 2. Impacts of the WG current variations on the DG current for a constant load. 

 

 
Fig. 3. Impacts of the WG current variations on the DC-bus control and the system stability. 
 

 
Fig. 4. Impacts of the WG current variations on the PV current for a smoothed radiation. 
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4.2. Ultracapacitors and battery lifetime 

analysis 

4.2.1 Ultracapacitors lifetime analysis 

The lifetime of UC is mainly affected by the 

combined effects of the voltage and the 

operating temperature [15,16]. The performance 

of UC decreases with the capacity decreasing or 

with the increasing of the resistor. 

 

 

Fig. 5. Flowchart of storage devices sizing. 

 

Thus, the end of lifetime is reached when the 

capacity decreases by 20% of its nominal value 

and / or when the internal resistor increases by 

200%, according to industrial standards [15]. 

The lifetime of UC is less affected by the 

number of cycles compared to batteries ones. 

 

4.2.2 Battery lifetime estimation 

The battery lifetime is strongly affected by 

the number of charge and discharge cycles 

[17,19]. In a wind-diesel system incorporating 

storage units, batteries are the most affected 

component by the large number of micro-cycles 

contained in wind power. Thus, they are the 

weak link of the system. For this reason, it is 

important to take into account the effects of 

operation conditions on the batteries lifetime in 

the hybrid system design. 

The batteries lifetime is estimated according 

to previous works [20]. The Rainflow counting 

method is applied to the battery energy, 

estimated from simulations or experimental 

results, to quantify the number of cycles applied 

to the batteries. The Miner’s rule is used at the 

end to estimate the batteries lifetime. 

 

5. Storage Energy Management 

Qualitatively, each storage device has a proper 

reaction time according to Ragone theory [21]. 

Thus, in the time horizon of the wind energy, it 

is possible to assign a storage device suitable for 

each segment corresponding to its dynamics. 

In this approach of storage devices integration 

in wind-PV-diesel hybrid system, wind power 

can be divided into three components. The 

current supplied by the wind generator to the 

DC-bus is assumed as a sum of low frequency 

component IBF, middle frequency component 

IMF and high frequency component IHF. The 

high frequency components are allocated to UC, 

and the medium frequency components are 

mitigated by the batteries. In this case, the DG 

provides the difference between the load demand 

and the mean value of wind power.  These 

components are expressed in (9). 
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Two low-pass filters are used to obtain the 

three components of the wind power. The filters 

frequencies are f1 and f2, with f1> f2. The UC 

and battery reference currents are generated 

according to Fig.6. The control strategies of the 

power converters are detailed in previous works 

[10,11,20]. 
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Fig. 6. Control strategies for energy management 
 

6. Simulation Results 

The hybridization criteria are applied to the 

DG mission in the no-storage system by using 

the WG, the load and the PV powers presented in 

Fig.7 and Fig.11. The following values are 

obtained: PHF=57% and EHF=20mHz. These 

results show that the DG mission is favorable to 

hybridization by using storage devices. 

Simulations are performed to illustrate the 

efficiency of the proposed strategy of energy 

management in a wind-PV-DG-UC-batteries 

system. A fluctuating power is provided by the 

WG as presented in Fig.7. The used wind speed 

profile for hybrid system simulations is 

presented in [1]. The WG system operates at the 

maximum power as shown by Fig.8. 

 

 

Fig. 7. Power provided by the WG. 

 

Fig. 8. WG power as function of rotating speed.  

In Fig.9, it can be observed that the PV system 

operates at its maximum power for each value of 

solar radiation. The disturbances induced by the 

WG power on the DC-bus are effectively 

absorbed by the storage units as shown in 

Fig.10.  

It can be observed that the major part of the 

micro-cycles is smoothed by the UC. Doing this, 

the batteries cycles are greatly reduced and their 

lifetime improved. 

 

 

Fig. 9. PV power as function of PV voltage 

 

Fig. 10. Stored power by UC and batteries. 

In Fig.11, it can be observed that the DG 

power is smoothed and varies according to load 

(PLoad), PV (PPV), and WG powers variations. 

Fig.12 presents the DC-bus voltage control 

result; which is well regulated around 110V 

from the DG. This confirms the good efficiency 

of the energy management and of the power 

converters control method. 

 

Fig. 11. Load, DG and PV powers. 
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Fig. 12. DC-bus voltage regulated around 110V by the 

DG. 

 

7. Experimental Setup and Results 

The designed experimental setup includes a 

WG emulator, a PV panels, a DG emulator 

(power source), an UC module, a batteries and 

an electric load as shown in Fig.13. The control 

algorithms of the DC/DC converters are 

implemented in PIC18F4431 microcontroller. 

 

 

Fig. 13. Hybrid system experimental test bench 

 

The fluctuating current provided by the WG 

is presented in Fig.14. The major part of the 

disturbances is absorbed by the UC as shown in 

Fig.15. The battery’s current is less fluctuating 

than the UC ones as illustrated in Fig.16. The 

load current and the currents provided to the 

DC-bus by the DG and by the PV panels are 

illustrated in Fig.17. 

 
Fig. 14. Wind Generator current Iw 

 

 
Fig. 15. UC current Iuco  

 

 
Fig. 16. Battery current Ibato 

 

 

Fig. 17. Electric load, DG and the PV currents  

 

By comparing the currents measured at the 

common coupling point (Iwo, Iuco, Ibato, Ido, 

Ipvo, and ILoad), it can be observed that the DG 

current Ido is smoothed and the WG current 

fluctuations are absorbed by the UC and 

batteries. So, as expected, the resulting current 

from the interaction between the WG and the 

storage devices has slow variations and 

corresponds to the mean value of the WG 

current Iwo. Fig.18 presents the DC-bus and the 

PV panel voltages. It can be observed that the 

DC-bus voltage is well regulated around the set-

point (48V) by the DG.  

 
Fig. 18. PV panels and DC-bus voltages 
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The storage devices (batteries and UC) 

voltages are plotted in Fig.19. These voltages 

vary according to the system evolutions. 

 

 
Fig. 19. Battery and UC voltages 

 

8. Conclusion 

 

This paper deals the energy transfer 

management in a Wind-PV-Diesel hybrid 

system. The renewable sources (PV and WGE) 

are operated at their maximum power point. The 

diesel generator is dedicated to regulate the DC-

bus voltage. Interactions between sources are 

studied and the need of storage units is shown in 

aims to ensure good performance and stability of 

the hybrid system. Batteries and Ultracapacitors 

are used in a complementary mode to mitigate 

the fluctuating currents induced on the DC-bus. 

The storage devices sizing strategy, which takes 

into account the actual conditions of operation, 

is introduced. Efficiency of the implemented 

control strategies is shown through some 

simulation and experimental results analysis. 
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APPENDIX EXPERIMENTAL SYSTEM PARAMETERS 

Wind generator emulator : 

Wind turbine :R = 1.25 m; = 1.225 kg/m3; opt = 6 

Wind turbine servo-motor: max = 900 rpm; J = 1200 

10
-5

 kg m
2
; n = 31 Nm; In = 7.51 A 

Permanent magnet generator : n = 420 rpm; In = 2.9 

A; P = 6; n = 26 Nm; L = 74.475 mH; R = 11.68 

J = 0.0136 kg m
2
;

No load FEM = 21.6 V at 60 rpm. 

Buck converter:  Lin =100uH, Cw=2200uF; Lwo=100uH, 

Cwo=3.3mF. 

PV panels system: 1kWc 

Cpv=3.3mF , Lpvo=100uH. 

Storage devices :  

Ultracapacitors :  

Boostcap 2600 MAXWELL ,10 cells of 2.7V; Luc=100uH, 

Cuco=3.3mF 

Batteries : 

 2 modules of 12V in series; Lbat=100uH, Cbato=3.3mF.  

Electric programmable load : Chroma Programmable 

AC/DC Electronic Load :  model  

65804/4.5kW/45A/350V 

Diesel generator emulator :  

Chroma Programmable AC/DC Power Source : model 

61505/0~300V/ 4KVA 
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Nomenclature 

PMSM  Permanent Magnet Synchronous Machine 

DG Diesel Generator Emulator 

WG Wind Generator Emulator 

UC Ultracapacitors 

Ws Wind speed 

MPPT Maximum power point tracking 

λopt  Optimum value of the tip speed ratio  

Φmax  Generator maximum flux  

ρ  Air density 

p  Number of pole pairs per phase 

R  Turbine radius 

CΓ   Torque coefficient 

Iwo   WG current provided to the DC-bus 

IL Load current 

Ido  DG current provided to the DC-bus 

Vw  WG rectified voltage  

Iw WG rectified current  

IwoF1,IwoF2  Filter F1 and F2 output current, 

respectively 

fi Filter cut-off frequency, fi=1/(2.π.τi), i={1;2} 

ρp Power density of the considered source 

ρe Energy density of the considered source 

τi  Time constant of the filter 

Vbus     DC-bus voltage 

Ppv  Photovoltaic (PV) panel power 

Ipv  PV panel current  

Vpv     PV panel voltage 

Vt      Thermal potential 

A   Ideal constant of the diode 

Rs      Equivalent series resistance 

Rsh     Equivalent shunt resistance 

Isat     Saturation current  

Iph   Photocurrent 

D PV converter duty cycle  

Δd Step variation of duty cycle D 

P* PV panel reduced power (Ppv=Vbus*Ipv/D) 


