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Abstract- Generation systems including wind turbine generators, photovoltaic panels and storage batteries are used to build 
hybrid stand-alone generation systems that are reliable, economic and efficient. Battery energy storage is the current and 
typical means of smoothing wind or solar power generation fluctuations and improving the power quality. A new battery 
charger which is a buck-type power converter specially for the wind power system is developed. The converter provides 
pulsating charging current and extracts maximum power. The maximum power point tracking function is obtained by the 
wind turbine characteristics and the proper circuit parameter design of the power converter. Over speed protection of the 
wind turbine can be naturally achieved. 
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I. INTRODUCTION 
 
Renewable energy systems are becoming popular for 
remote area power generation applications due to 
advances in renewable energy technologies and 
shortage of fossil fuel resource. Wind and solar are 
the most popular renewable energy sources due to 
several advantages. Solar modules produce electricity 
devoid of pollution, without odour, combustion, noise 
and vibration. Hence, unwanted nuisance is 
completely eliminated. Also, there are no moving 
parts or frequent repairs and thus they have better life 
span. At locations with plenty of wind availability, 
wind power is more reliable and suitable with 
relatively low cost. Wind power system is relatively 
more efficient The peak operating times of wind and 
solar systems occur at different times of day and year. 
So hybrid systems, which incorporates the advantages 
of wind and solar individual systems are more 
preferable. The battery energy storage system can 
provide flexible energy management solutions that 
can improve the power quality of renewable-energy 
hybrid power generation systems. Battery energy 
storage systems are utilized for multiple applications 
such as increased reliability, wind and solar energy 
smoothing, uninterruptible power sources, grid 
services, electric vehicle (EV) charging stations and 
others.  

 
Due to the high reliability and simple structure 
permanent-magnet (PM) generator is commonly used. 
For small-size wind turbine, the pitch angle control 
method is not feasible to extract the maximum power. 
The maximum power point tracking (MPPT) feature 
of the small-size wind turbine is achieved by the 
power converter control scheme. The perturbation 
and observation method is the commonly used 
control strategy. Other control schemes include fuzzy 
logic and neural networks. But they require complex 
circuitry and results in high cost. Simplicity and cost 

effectiveness are important criterions of the power 
controller.  
 
Lead-acid battery is the widely used energy storage 
component due to its low cost. The reliability of the 
system will be affected by the degradation of the 
lead-acid battery. Pulsating charging currents 
improve the charging efficiency and the life of the 
battery. Conventional stand-alone wind power system 
needs two power converters to achieve the MPPT 
function and to produce the pulsating charging 
current which reduce the power conversion efficiency 
of the wind energy. But the new converter generates 
pulsating charging currents to charge the battery 
while keeping the wind turbine under MPPT 
operation. 

 
II. WIND TURBINE CHARACTERISTICS 
     
The wind turbine converts kinetic energy of wind into 
electrical energy. The power output of the wind 
turbine is given by the expression as follows: 
 

Pm = 32),(
2
1

 VRCP           (1) 

 
where Pm is the output power of the wind turbine, 
is the air density, ),( PC is the power conversion 
coefficient and is related to the tip-speed ratio   and 
pitch angle  , R is the blade radius and V  is the 
wind speed. In (1), the power conversion coefficient 

PC  plays a crucial role in the output power of a wind 
turbine, under a constant wind speed. If the pitch 
angle is constant, PC  depends solely on tip-speed 
ratio  , which is defined as the rotational speed of 
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tip of blade over the wind speed V . So it is clear 
that during various wind speeds, the wind turbine 
should rotate at different speeds to draw maximum 
power from the wind. 
 

 
Fig.1. Wind turbine output power curve 

 
The typical power curve of wind turbine under 
various wind speeds is shown in Fig.1. For a 
permanent magnet generator the output voltage is 
proportional to the rotor speed. There exists an MPP 
for each wind speed. The dash line in Fig.1 represents 
the MPP curve of wind turbine under different wind 
speeds. It is found that the MPP curve can be 
approximated by a second order polynomial equation 
and this feature provides the basis for the design of 
the developed MPPT control strategy. 
 
III. SOLAR POWER SYSTEM 

 
A. Photovoltaic Cell 
A photovoltaic (PV) cell is basically a P-N junction 
and acts as a current source. Energy from sunlight is 
directly converted in to electrical energy, where the 
photons are absorbed by the semiconductor and free 
electrons are released. The generated voltage of PV is 
low and typically lies around 0.5V and 0.8V which 
depends on the semiconductor used. Since a single 
cell cannot be directly utilized to drive an application, 
it is necessary to connect a number of cells in series 
and parallel combination to form a PV module. 
 

 
Fig.2. Equivalent circuit of PV cell 

The variation in series resistance influences the PV 
cell outputs. The resistance is usually low and its 
variation results in maximum power point deviations. 
When series resistance increases maximum power 
decreases. Shunt resistance of PV cell must be high 
enough for higher output power. Low shunt resistance 
results in sudden and steep collapse of cell current 
and also the maximum power reduces. 
 

 
Fig.3. The I-V and P-V curves of PV cell 

 
B. Maximum Power Point Tracking 
The PV panel output varies with variation in the 
received solar energy and hence it is necessary to 
track the maximum available power. This function 
can be initiated by a dc/dc converter which transfers 
the maximum power when switched at an appropriate 
duty cycle. The switching signal can be derived by a 
maximum power point tracking algorithm. A boost 
converter is introduced that steps up the PV module 
output voltage and also incorporates the function of 
tracking the maximum power.  

 
Perturb and Observe (P & O) algorithm is used for 
maximum power point tracking. In this algorithm a 
slight perturbation is introduced in the system. If this 
perturbation results in an increase in power, 
perturbation is continued in that direction. If it results 
in decrease in power, the perturbation is proceeded in 
the opposite direction. This procedure is continued till 
the steady state is reached. A controller then acts 
moving the operating point of the PV module to the 
voltage corresponding to the maximum power. 

 

 
Fig.4. Flow chart of Perturb & Observe algorithm 
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IV. CONTROL STRATEGY 
 
The circuit diagram of the developed charger is 
shown in Fig.5. Pulsating current mode (PCM) and 
constant voltage mode (CVM) are the two modes of 
charging. When the battery voltage Vb is below the 
threshold voltage Vbth, the charger is operated in 
PCM with SW2 opened and when Vb is higher than 
Vbth, the charger is operated in CVM with SW2 
closed. 
 

 
Fig.5. Hybrid wind-solar system 

  
The charger is operated in discontinuous conduction 
mode (DCM) for PCM operation. When the wind 
speed rises, the output voltage of the wind turbine 
will increase and the charger may enter continuous 
conduction mode (CCM). But the increased current 
will decrease the rotor speed as well as the input 
voltage of the charger. The boundary between the 
DCM and CCM need to be carefully designed to 
obtain best performance with over speed protection. 
The charger will operate in CVM when the charging 
status approaches the completion. Now SW2 is closed 
and a constant voltage provided by the output 
capacitor will be applied to the battery. The voltage 
mode control replaces the constant on-time control 
and the battery is protected from overcharging. 

 

 
Fig.6. Waveforms of the gate signal and the inductor 

     
The typical waveforms of the gate signal and the 
inductor current for the DCM operation are shown in 
Fig.6. The switch SW1 is closed during charging 
period 1d  and the inductor current linearly rises. 
During discharging period d2, SW1 is opened and the 
inductor current will decrease and drop to zero. The 
period d3 is called the rest duty, during which 
chemical actions in the battery stabilize and ready for 
the next charging cycle. Thus the charging efficiency 

of battery increases. For each switching cycle, the 
amplitude of charging current is given by the 
expression as follows: 
 

fL
dV

fL
dVVi bbin 21)(




                (2) 

 
Where, f  is the switching frequency and L  is the 

output inductance. From (2), the duty 2d  can be 
expressed as follows: 
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From (2) and (3), the average current through the 
inductor can be expressed as follows: 
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The average power charged into the battery during 
one switching cycle can be calculated as follows: 
 

)(
2

2
2

1
0 inbinbavg VVV

fL
d

VIP            (5) 

 
Thus the average power into the battery is a second 
order polynomial equation in inV  which is similar to 
the MPP curve shown in Fig.1. The battery charging 
power can be made equal to the MPP power by 
properly adjusting the parameters f , L , bV and 1d . 
When the charger is operated is operated in the 
boundary between the DCM and the CCM, the rest 
duty period 3d  becomes zero and the charging 

period 1d  plus discharging period 2d  equal one. 

From (2), inV  can be derived as follows: 
 

1d
V

V b
in                                                    (6) 

 
When the wind turbine output voltage inV  is higher 
than the boundary, the charger will enter CCM 
operation. Over speed protection is achieved by 
entering into CCM operation. So by properly setting 
the boundary between the DCM and the CCM better 
over speed protection can be achieved. 
 
When the battery reaches its maximum charging 
limit, the charger enters the CVM operation by 
turning the switch SW2 ON and a constant voltage 
provided by the output capacitor will be applied to 
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the battery. Thus the battery is protected from 
overcharging.   
 
The design procedure of the MPPT battery charger 
can be summarized as follows: 
 

 Measure the specifications of the wind 
turbine including the MPP curve versus rotor 
speed. 

 Based on the characteristic of wind turbine 
select the battery bank voltage. 

 Obtain the duty ratio 1d  from (6) according 
to the rated voltage of the wind turbine and 
the battery.  

 Determine the circuit parameters f  and L  
from the equation of the MPP curve and (5). 
 

V. SIMULATION 
 

The circuit model was simulated using 
MATLAB/simulink. The various parameter details 
are as follows: 
 

 Wind turbine rated voltage Vwind = 70 V. 
 Wind turbine rated power Po = 400 W. 
 Battery floating charge voltage Vfc = 28 V. 
 Charger input voltage Vin = 30–100 V. 
 Duty ratio d1 = 40%. 
 Switching frequency fsw = 22 kHz. 
 Inductor L = 23 µH. 

 

 
Fig.7. Simulation circuit of generator and turbine 

 
Wind turbine is coupled to synchronous generator 
which is a permanent magnet type. The machine 
produces a three phase balanced output and as the 
wind speed changes the generator output also changes 
accordingly. The field voltage is usually kept normal. 
The output of machine is fed to three phase diode 
rectifier and the rectified output is given to the buck 
type power converter. 

 
Fig.8. Simulation circuit of  battery charger and PV 

 
When the battery voltage is below the threshold 
value, the converter is operated in PCM and when the 
battery voltage is higher than the threshold value, the 
charger is operated in CVM. 
 

 
Fig.9. Simulation circuit of controller 

 
VGSw1 is the gate signal to the switch SW1 and 
VGSw2 is the gate signal to the switch SW2. The 
arrangement is in such a way that, when the battery 
voltage VOUT is below the set threshold voltage, 
VGSw2 will be zero. So the switch SW2 will be open 
and the charger enters PCM operation. When VOUT 
is above the set threshold voltage, VGSw2 will be the 
pulse generator output. Thus the switch SW2 will be 
close and the charger enters CVM operation and the 
battery will be protected from over charging. 
  

 
Fig.10. Simulation circuit of PV system 

 
The controller facilitates the maximum power point 
tracking by aiding the generation of switching signals 
for switch S1 in such a way that the boost converter 
can extract the maximum power from the PV panel. 
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The boost converter will step-up the low voltage PV 
output to match the battery voltage which is relatively 
higher. 

 
Fig.11. Simulation circuit of PV controller 

 
In P&O algorithm a slight perturbation is introduced 
in the system. If this perturbation results in an 
increase in power, perturbation is continued in that 
direction. If it results in decrease in power, the 
perturbation is preceded in the opposite direction. 
This procedure is continued till the steady state is 
reached. The PI controller then acts moving the 
operating point of the PV module to the voltage 
corresponding to the maximum power. 

 

 
Fig.12. Simulation of battery charging current in DCM 

 
Charging current will always be negative and there is 
a period in each cycle for which the current is zero 
called the rest duty. This improves the charging 
efficiency and life of the battery. 
 

Fig.13. Simulation of battery charging current in CCM 
 
In CCM there will always be a minimum value of 
current and the current never reaches zero. 

Fig.14. State-of-charge (SOC) of battery with PV system 

Fig.15. State-of-charge (SOC) of battery with wind system 
 

Fig.16. State-of-charge (SOC) of battery with wind & PV 
 
Comparing the above three graphs it is clear that the 
charging status of the battery is better when fed by 
both the systems. Thus hybrid systems are preferable 
than individual systems. 
 
CONCLUSION AND FUTURE SCOPE 
 
The stand-alone hybrid system is simulated. Required 
waveforms are obtained and the results are verified. 
Here an MPPT control strategy for stand-alone power 
system with integrated pulsating charging current 
function for the battery is developed. The charger can 
generate pulsating currents to charge the battery 
while keeping the wind turbine under the MPPT 
operation. The over- power protection of the turbine 
is inherently achieved by the proposed control 
strategy.  
 
The converter circuit is simple and is highly reliable. 
The present stand-alone system can be connected to 
the grid for multiple applications such as frequency 
regulation, grid stabilization, diminished congestion, 
increased reliability, spinning reserve, peak-shaving, 
load levelling, uninterruptible power sources and 
others. 
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