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Abstract De-central renewable energy applications may come along with very low power ratings. 
Optimised efficiency is necessary for obtaining a better output power to price ratio. Measurements at 
standard design and proposed circuit, implementation of efficiency-optimised solution and results for 
a small wind turbine in battery charging are described for a configuration of AC/DC converter and 
boost chopper. The small wind turbine evaluated uses a permanent magnet synchronous generator 
with 70 W rated power output. Of course, small-scale wind turbine systems generally have lower 
efficiencies against the large ones. The given system is composed of inexpensive power electronics 
components. A diode bridge with Schottky diodes are employed instead of standard Silicon diodes. 
Finally, this rectifier with boost converter is analysed in comparison to the originally purchased 
system. A significant efficiency increase of a small wind turbine is obtained by using simple and 
cheap power electronics for generator to load type adaptation. 
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1.  SMALL WIND POWER SYSTEMS 
 
In order to convert mechanical power (torque and rotational 
speed) into electrical power, high power wind energy plants 
use doubly-fed induction machines with rotor circuit 
converter or standard induction machines with squirrel cage 
rotor along with converter capable of handling also the 
corresponding reactive power, direct grid connected 
induction machines or electrically excited, or permanent 
magnet synchronous machines, respectively, with full size 
converter. Under consideration here are small wind power 
systems typically used in de-central supply. Small wind 
turbines typically employ permanent magnet synchronous 
machines which need no excitation, exhibit a simple general 
design and good efficiency.  
 
Rotor blades, permanent synchronous generator and 
converter in combination are responsible for the high price 
even if the system performance is less than optimal. The old 
(original) system purchased is composed of a permanent 
magnet synchronous generator and an AC/DC converter 
(bridge type rectifier) for direct charging a lead-acid 
accumulator 12 V (Fig. 1).  
 
We want to increase power output into constant DC voltage 
load at input power defined by given rotor blades and 
variable wind speed. Investigations first lead to an improved 
rectifier and second to a boost converter circuit for better 
generator to load adaptation. In order to establish a laboratory 
development environment for system improvement the rotor 
blades were removed and wind energy drive is replaced by 
electrical drive.  

 

 
Fig. 1: Generator to rectifier bridge connection of old 

(original) system 
 
The low speed synchronous generator is mounted on a torque 
measurement test bench driven by standard rotational speed 
controlled induction machine to enable high accuracy 
electrical measurements at defined rotational speed values 
corresponding to equivalent wind speed values (Fig. 2). 
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Fig. 2: Test bench with generator driven by converter-fed 

induction (asynchronous) motor. 
 
 

2.  NOMINAL CHARACTERISTIC OF ORIGINAL 
SYSTEM 

 
Power flow and losses of a wind power system is displayed in 
fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Power flow and loss contributions at gearless wind 

power system 
 
For the given wind turbine and generator we have no 
influence on all non-convertible power and real power 
dissipation losses except for the final stages of rectifier (and 
converter, if applicable). 
 
A next problem is that the only information available on wind 
power and system characteristics from the producer of the 
wind turbine is the charging current versus wind speed 
diagram as shown in fig. 4. 

Fig. 4: Battery charge current versus wind speed 

According to manufacturers information the power ratings 
belong to a system using rectifier and converter. We observe 
a typical characteristic for a power transfer into a fixed 
voltage and stall control for higher wind speeds (above 16 
m/s) [1]. Our interest is in the range of most common wind 
speeds usually not exceeding e.g. 15 m/s very often. 

 
Fig. 5: Mechanical outline of wind turbine and generator 

 

The turbine diameter for this application is 910 mm. 
Rotational speed in revolutions per minute (rpm) values are 
used and converted into wing-tip speed (m/s) using 

60rotorblade tip

D n
v

π⋅ ⋅=  

where D π is circumference of the wheel in meter, n is 
rotational speed of turbine in rpm. From calculations we 
obtain the tip speed ratio  

 

1.8rotorbladetip

wind

v

v
λ = =  

for this 6-blade design finally yielding the output 
characteristic displayed in fig. 6. 
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Fig. 6: Electric power output versus rotational speed 

characteristic 
 
By means of this output characteristic we can calculate the 
values of shaft power at defined rotational speeds. For our 
system performance comparison, we use the corresponding 
shaft power by measurement of generator output power under 
consideration of current dependent copper losses at a defined 
rotational speed equivalent to a certain wind speed. 

 
 

3.  SYSTEM IMPROVEMENT STEPS 
 
Improvement of performance and efficiency of our system is 
achieved in four steps accompanied by appropriate 
measurements. The procedure is as follows: 
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1. Measurement of standard rectifier output power.  
2. Measurement of Schottky rectifier output power.  
3. Design of boost converter and measurement of output 

power.  
4. Finding out the maximum power point of the system 

depending on velocity of wind. 
 
A very simple system does not implement a controlled 
converter but uses only a diode bridge rectifier producing 
charging current for a battery that provides a rather constant 
DC voltage to a load. 
 
In a later step, DC-DC switching Boost-converter is 
employed because of power output increase opportunity 
through a better adaptation between generator and load. 
 
Results are compared. 
 
 

4.  OPTIMUM POWER RESISTIVE LOAD 
 
Standard silicon diode rectifier 
The old (original) system includes a Si-diode rectifier but 
does not implement a converter. Different resistor values are 
used as load in order to get the maximum power from wind 
for each speed of the wind generator. Rectifier voltage varies 
widely. Measurement results of this system are listed in table 
1. Here, for each load a maximum power is found. 
 
    Generator Si-Rectifier   

f n P U I P U I Efficiency 
Hz rpm W V A W V A % 
10 150 4,5 2,4 V 0,7 2,4 2,5 1,9 0,54 
15 225 11,0 3,2 1,4 7,0 3,6 1,9 0,64 
20 300 22,3 4,5 2,2 15,0 5,3 2,8 0,67 
25 375 33,8 5,5 2,7 23,7 6,7 3,5 0,70 
30 450 51,8 6,3 3,7 36,8 7,6 4,8 0,71 
35 525 67,1 7,7 4 50,2 9,7 5,1 0,75 
40 600 85,8 8,7 4,6 65,6 11 5,9 0,76 

 
Table 1. Voltage-current-power values of generator and Si-

diode rectifier 
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Fig. 7. Output power of rectifier with standard Si-diode 

rectifier versus rotational speed of generator 
 
 
Schottky diode rectifier 
The improvement of efficiency at the first stage diode bridge 
comes from replacement of the silicon diodes by Schottky 
diodes (BYS 28-25. 45 V, 2X15 A) which have lower reverse 
breakdown voltages but also much lower on-state voltages.  

 
    Generator Schottky-Rectifier   

f n P U I P U I Efficiency 
Hz rpm W V A W V A % 

10 150 4,8 2,2 1 3,9 2,8 1,3 0,81 
15 225 12,1 3,2 1,8 10,1 4,3 2,2 0,83 
20 300 23 4,5 2,5 20,1 6,1 3,2 0,87 
25 375 35,2 5,5 3,1 31,4 7,6 4,0 0,89 
30 450 50,6 6,6 3,8 45,7 9,2 4,9 0,90 
35 525 67,6 7 4,8 60 9,7 6,2 0,89 
40 600 87 8 5,4 78 11 7 0,90 

 
Table 2. Voltage-current-power values of generator and 

Schottky rectifier 
 
By this replacement the output voltage has less voltage drop 
due to lower on-state voltage. The results are measured under 
different values of load and shown in table 2. 
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Fig. 8. Output power of rectifier with Schottky diode 

rectifier versus rotational speed of generator 
 
 

5. BATTERY CHARGE APPLICATION 
 
Standard Diode with 12V Battery 
The produced power from the wind turbine shall be stored at 
a 12V (24V, respectively) battery. In our application a 12V 
battery is used and charged first with the old (original) system 
and second with the new configuration using Schottky diodes 
(Fig. 9).  
 
 
 
 
 
 
 
Fig. 9. Charging 12V battery via Si-diode 
 
    Generator Si-Rectifier   

f n P U I P U I Efficiency 
Hz rpm W V A W V A % 
15 225 0,8 5,3 0,08 0,5 11,4 0,01 0,63 
20 300 3,4 5,7 0,02 3 11 0,03 0,83 
25 375 12 6 0,7 10,7 11,6 0,9 0,87 
30 450 32 6,4 1,7 26,7 11,9 2,2 0,88 
35 525 47 7,4 2,2 39 14,2 2,7 0,88 
40 600 60,4 8,4 2,5 51,3 16,2 3,1 0,88 

 
Table 3. Voltage-current-power values of generator and Si-
diode rectifier to 12 Volt battery load (*) 
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(*) Remark: The test system did not use a battery but a 
special resistive load. For higher speeds the voltage of test 
system increased beyond battery values due to load 
limitations. For 35 Hz and 40 Hz, keeping constant the 
voltage would cause higher currents and slightly lower 
efficiency than listed. 
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Fig. 10. Output power of rectifier with standard Si-diode 
rectifier versus rotational speed of generator 

 
Schottky Diode with 12V Battery application 
Also for the Schottky diode rectifier, a direct feeding of the 
battery was evaluated. Again, compared to the resistive load, 
we observe rather small currents at low speeds as the 
generator does not produce sufficient voltage for higher 
power values. 
 

    Generator Schottky-Rectifier   

f n P U I P U I Efficiency 

Hz rpm W V A W V A % 

10 150 0,4 4,8 0,04 0,3 11,5 0,02 0,75 

20 300 4,3 5,2 0,3 4 11,5 0,4 0,93 

25 375 19 5,4 1,2 18 11,7 1,6 0,94 

30 450 36,3 6,2 2 34,1 13,2 2,5 0,94 

35 525 50,9 7,3 2,4 48 15,7 3,0 0,94 

40 600 64,9 8,2 2,7 61 17,8 3,4 0,95 

 

Table 4. Voltage-current-power values of generator and 
Schottky rectifier to 12 V battery load (*) 
 
(*) Remark: The test system did not use a battery but a 
special resistive load. For higher speeds (30 Hz, 35 Hz, 
40 Hz) the voltage of test system increased beyond battery 
values due to load limitations. See remark at table 3. 
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Fig. 11. Output power of rectifier with Schottky diodes 
versus rotational speed at 12V load 
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Fig. 12. Comparing of efficiencies of two rectifiers 
 
The generally higher efficiency of the Schottky rectifier is 
apparent. 
 
 

6. SCHOTTKY DIODE AND BOOST CONVERTER 
INTO BATTERY 

 
This converter consists of an inductor, capacitors and a 
switch. The switch is realized with a switched mode 
semiconductor device, usually a MOSFET. When the switch 
is on, the current through the inductor increase and energy is 
stored. No current flows through the load because of reverse 
biased diode. When the switch is off-mode, the load receives 
energy from the inductor as well as from input stage. 
MOSFET is switched at a constant frequency f and D is the 
duty ratio of the switch 
 
 
 
 
 
 
 
Fig. 13. Comparing of efficiencies of two rectifiers 
 
We have a 70 W synchronous generator and want to charge a 
battery as load at the output side. The switching frequency for 
our area of operation is chosen as 20 kHz. 
 
Due to formulas  

L
s

d i
T

DVL ×××=
2

,  

where Li  is inductor current ripple, 10 % of its dc value is 

accepted. 
 
Minimum inductor value of 94 µH is calculated. We have an 
inductor value of 165 µH in our system. 
 
The capacitor is determined by the formula 

0 0/sC I D T V= × × ∆ , 

where 0V∆ output voltage ripple of its value %1 defined. 

Minimum capacitor value of 582 µF is calculated and 
2200 µF are chosen in our system. 
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The boost converter has two operation modes:  
(1) continuous current conduction and  
(2) discontinuous current conduction. 
 
Inductor current never falls to zero within one switching cycle 
in continuous mode. Whereas in discontinuous conduction 
mode, the inductor current falls to zero before completing one 

switching cycle, sT , is calculated as 50 sµ  [2]. 

 

iV  oV  I  ,DS onR  
LR  diodeV  

V V A Ω Ω V 
9.2 14 4.96 0.02 0.22 0.42 

 
Table 5: Measured parameters at 450 rpm. 
 
In our investigation we follow continuous operation only for 
simplicity reasons. The theoretical relation between input and 
output voltage for continuous mode is as follows: 
 

1 14
1.52

1 9.2
o

i off

V T

V D T
= = = =

−
 

 
However, this formula does not take into account actual 
voltage drops (power losses) of inductor, MOSFET switch 
and diode [3]. Estimating the duty ratio under consideration 
of the voltage drops mentioned before can be done very 
simply by using the integral of voltage over time with average 
input current as parameter: 
 

,( ).( ( ) ( )) ( ( ))

30.3
off o L DS on off o i diode L

off

T T V R I R I T V V V R I

T sµ
− − ⋅ − ⋅ = ⋅ − + + ⋅

=
  

yielding theoritically result of D as 0.39 and measurement 
result as 0.48. 

 
A 12 V (24 V, respectively) lead-acid battery was used as 
load at the output of the converter. An IC controller 
UCC38050 controls the switch. That device begins to operate 
at a voltage greater than 10 V and maximal operating supply 
voltage is 18 V. 

 
 

    Generator 
Schottky-
Rectifier Boost   

f n P U I P U I P U I D 

Hz rpm W V A W V A W V A   

10 150 4,6 2,5 0,9 3,9 3,2 1,2 3,5 11,5 0,3 0,75 

15 225 13,7 3,4 1,9 11,2 4,4 2,4 10,2 11,6 0,8 0,70 

20 300 24,7 4,5 2,6 21,8 6,0 3,4 19,1 11,8 1,6 0,57 

25 375 35,8 5,4 3,2 31,8 7,5 4,0 28,1 12 2,3 0,50 

30 450 49 6,4 3,8 45,6 9,2 4,9 39 14 2,7 0,48 

35 525 71 7,8 4,6 65,6 10,9 5,8 57 17,2 3,3 0,47 

40 600 86 8,8 4,9 76,2 11,9 6,3 70,3 19 3,6 0,46 

 
Table 6. Voltage-current-power values of generator, Schottky 

rectifier and Boost converter including duty cycle  
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Fig. 14. Output power versus rotational speed for Schottky 

diode rectifier + boost converter 
 

Comparing the results of each system design
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Fig. 15. Comparison of power for different system 

configurations  
 
 

7.  WIND POWER CALCULATION 
 
To find out how much energy is transferred into the rotor 
blades we need to know the power of the generator at a 
constant speed because the power captured from the wind 
turbine depends on these parameters [4]. The power of the 
wind is calculated assuming that the Cp turbine power 
coefficient and the tip speed ratio λ are chosen for the 
application.  
 
In this paper the values are set as 

0.4pC =  and 1.8λ =       

The power given to generator is calculated at the constant 
rotation (450 rpm= 13.5m/s) of a generator (Table 6). 

The power of the wind is then calculated using the formula of 
λ as follows 

13.5

7.5 /

rotorbladetip

wind wind

wind

v

v v

v m s

λ = =

=
  

 

The energy produced by the wind at this speed is 
2

31 (0.91)
.(1.2). .0.4.(7.5) 109

2 4windP W= =  

The results show that the produced power from the wind 
energy (109 W) is given to the battery as 39 W. The 
efficiency of the whole wind power system is 
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39
0.35

109 
η = =    

 

Comparing the output power
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Fig. 16. Rotational speed – output power of generator, Si-
diode rectifier. Schottky-diode rectifier, boost converter and 

power values of the old (original) system. 
 
Comparison of power ratings versus speed for conversion 
systems considered show the advantage of invest in electrical 
conversion optimisation very clearly.  
 
The design of the investigation used standard components in 
Boost converter accompanied with rather high losses. For 
increasing efficiency we will use loss minimised components 
for inductor and switch in future work. We think that due to 
the high price of wind turbine and generator the ratio output 
power per price will be better even for more expensive 
components of the boost converter. 
 
 

8.  CONCLUSION 
 
A new DC-DC Boost converter is designed for higher 
efficiency than commercial system. Loss reduction and 
power increase come from employment of Schottky rectifier, 
boost converter. Usage of this circuit also improves the 
power factor. At the constant speed of the rotor blade it is 
possible to calculate the energy of the wind on basis of 
known or estimated values of tip speed ratio and Betz 
constants. This paper shows the technical aspects of different 
system configurations for the special small power 
application. The Schottky diode rectifier and succeeding 
boost converter used produced better results than the old 
one. It is important to see that the investment cost of a higher 
power turbine with old losses is over cost of old (original) 
system turbine and generator hardware the same power 
output using power electronics. In this work we tried to 
realize a concept which can reduce the price of the whole 
system replacing the components with mode and new electric 
conversion concept. 
 

Future work will use very low loss components, an 
integration of rectifier and boost converter, and MOSFET 
devices as “controlled diodes”. 
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