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Abstract 
One type of wind-powered battery charging will be explored 

in this paper. It consists of a wind turbine driving a permanent 
magnet alternator and operates at variable speed. The alternator 
is connected to a battery bank via a rectifier. The characteristic 
of the system depends on the wind turbine, the alternator, and the 
system configuration. If the electrical load does not match the 
wind Wine, the performance of the system will be degraded. By 
matching the electrical load to the wind turbine, the system can be 
improved signifcantly. 

This paper analyzes the properties of the system components. 
The effects of parameter variation and the system configuration 
on the system performance are investigated. TWO basic methods 
of shaping the torquespeed characteristic of the generator are 
presented. The uncompensated as well as the compensated 
systems will be discussed. Control strategies to improve the 
system performance will be explored. Finally, a summary of the 
paper will be presented in the last section. 

1. Introduction 
Electrical energy produced by a wind turbine has many uses. 

Converting wind energy into electric energy enables the user to 
store energy in a battery, transmit it over long distances, or 
convert the energy into many different forms (mechanical energy, 
heat, etc.). Most large wind turbines are connected to the grid. 
In some small applications, wind turbines are operated in isolated 
operation [l]. Battery charging is very popular because of its 
simplicity and versatility. DC or AC generators can be used. 
W e  many papers on battery charging have been written [2,3], 
a qualitative analysis needs to be presented. 

The major goal of this paper is to model and analyze the 
system, and to predict the performance improvements that can be 
achieved by altering the system configuration to better match the 
load to the wind turbine. By understanding the basic 
characteristics of the components, many of the performance 
limitations of the system can be remedied and the optimization of 
the system can be explored. The approach considered is to insert 
a load controller between the generator and the load. Different 
types of controllers will be investigated, including a power 

converter and a capacitor-compensated system. 
The physical diagram of the system under investigation can be 

shown in Figure 1. The three-phase generator is connected to a 
three-phase rectifier. the output of which is connected to a battery 
bank. Inthe conventional system, there is no active control used 
to adjust the energy produced by the wind turbine; therefore. the 
power flow to the battery is dictated solely by the wind speed and 
the passive interaction of the various system components. 
This paper is organized as follows: In Section II. the wind 

turbii aerodynamic characteristics are discussed. The equations 
describing the alternator will be presented in Section III. In 
Section IV, the compensated system is presented. Both the DC 
converter and the series capacitor compensation system will be 
presented. Finally, the conclusion will be presented in Section V. 

II. Wind Turbine Aerodynamic 
The wind turbine is normally characterized by its Cp-TSR 

curve; here TSR is the tipspeed ratio, the ratio of the linear 
speed of the blade tip to the wind speed. A typical CpTSR curve 
is given in Figure 2. If is desirable that the wind turbine is 
operated at high Cp values most of the time. 

In a fned-frequency application, typical of large wind-farm 
turbiies, the rotor speed of the generator is fixed, while the speed 
of the wind may vary in a wide range. Thus the tip-speed ratio 
may vary over a wide range. The power captured by the wind 
turbine rotor may be written as 
P& 9 0 5  p A Cp Vf 

WlKrC 
P- 9 *& p o ~ e r  of t6t wind hrbk (wstl) 
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Cp I p ~ a  c&Ecid of the wind hrbk 

From the equation, it is apparent that the power production 
from the wind turbine can be maximized if the system is operated 
at maximum Cp (Cp-target). Thus, it is necessary to keep the 
rotor speed at constant TSR (Le., at TSRtarget). 

As the wind speed changes, the rotor speed should be adjusted 
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to follow the change. Unfortunately, the wind speed at the rotor 
is diffcult to measure. To avoid using the wind speed, the 
equation to compute the target power can be revised. By 
substituting the wind speed V with rotor speed, TSR-target and 
rotor radius and substituting the Cp with Cp-target, the target 
power Ptarget can be derived [4]. 

As an illustration, the mechanical (rotor) power generated by 
the wind turbine as a function of rpm for different wind speeds is 
shown in Figure 3. The target power as a function of rpm is 
shown on the same graph. It is clear that for any wind speed (in 
the allowable range), there is always a matching rotor speed which 
produces maximum power. If the controller can successfully 
follow the changes in wind speed, the wind turbine will generate 
maximum power at any speed. The target torque of the wind 
W i e  canbe derived from the target power and it can be written 
as follows (see Eq. 2). 

T- = %- 0,' 

* 

111. Uncompensated Generator 
The generator considered is a three-phase permanent magnet 

alternator. The generator is COMeCted to a DC battery bank via 
a rectifier. With a diode bridge rectifier, the effective load across 
the generator terminals is a resistive load whose resistance is 
varied to get a constant DC voltage. Thus a unity-power-factor 
load condition is a constraint that must be maintained across the 
generator teminak. The per-phase equivalent circuit representing 
the system is shown in Figure 4. The rectifier-battery unit is 
presented as an AC voltage source with a symbol of DC and AC 
source with a small arrow inside the circle to signify the constraint 
of constant voltage, unity-power-factor, and unidirectional power 
flow. 

In the steady-state analysis, the rectifier and the battery are 
presented to be a purely sinusoidal source with a unity power 
factor current flowing into the load. It is assumed that the 
generator consists of only the synchronous reactance Xs (the 
stator resistance Rs is neglected) and the three-phase generator is 
wye-connected. More detailed discussions of generators and 
power converters can be found in many electric machine and 
power electronics textbooks [54.  . 

(3) 

The terminal voltage of the generator is determined by the 
battery voltage across the DC bus (refer to Figure 1). The 
relationship between the terminal voltage of the generator and the 
DC bus voltage as shoen in equation (3) can be derived from the 

balance of power. 
It is easy to verify that the battery voltage can be referred to 

the AC side. The terminal voltage, Vs, seen by the generator can 
be derived by using the concept of power balance. From 
conservation of energy, the power on the AC side must be equal 
to the power on the DC side. Assuming that the rectifier operates 
only in continuous conduction mode, and the losses in power 
conversion (from AC to DC) is negligible, the power balance 
yields 

The rectifier converts the three-phase AC voltage into DC 
voltage. The relationship between Vdc and the line-to-line voltage 
VLL can be illustrated in Figure 5. The average value of the DC 
bus voltage can be found by integrating the voltage waveform 
shown in Figure 5. 

Expressed in rms, the following equation can be derived. 

The relationship between Vdc and the phase voltage can be 
written as follows 

m 

Thus the relationship of the AC stator current and the DC bus 
current can be found. 

I,.&& x 

The genexated emf voltage, E, of a permanent magnet alternator 
can be expressed as a function of the rotor speed and the magnetic 
flux of the airgap. Thus the voltage E is directly proportional to 
the frequency or rotor speed. 

E - ~ % u ,  * 

*e : 
h. cul&m% d a i v d h  tht nltrmntrr 
Qr-aitgapmmmwebas 
0, - ficqlcncy m d s  
0, 2dc  
f, - *ut filqwlq m az 

(9) 

The relationship between stator voltage and current can be 
written as follows: 



The phasor diagram in Figure 6 shows that the terminal 
voltage Vs and the stator current Is are in phase because of the 
rectifier. It is easy to verify that the size of stator current is 
affected by the speed of the generator, the size of the 
synchronous inductance, and the stator load. 

It can be seen that there is a single solution at any frequency. 
Thus, at any frequency there will be a unique set of stator current, 
power and power angle. With constant stator terminal voltage, the 
only way to change the generated torque is to change the 
frequency. 

The equation governing the system can be modified as 
follows: 

% 
2 = CP - j L, 4 (1 1) 

Thus there is a direct relationship between the terminal voltage 
and the stator current based on the geometry of the unity power 
factor concept. The equation to represent the power generated by 
the alternator and the torque equation can be written as follows: 

E v, P - 3 - & 6  

Wilae 
p 9 nnmber Ofp& 
6 - POW= sngle 

The torque equation can be simplified further: 

It is interesting to note that the maximum torque generated is 
independent of the frequency. And the power angle (5) at 
maximum torque for the system is 45 degrees. In comparison, the 
power angle at maximum torque of a conventional synchronous 
generator connected to a utility is 90 degrees. The power angle 
6 can be found as a function of the frequency or rotor speed. 

6 - w 
With a constant terminal voltage, Vs, the V s h e  at the terminal 

of the generator vanes. The system starts generating when the 
Vsloe < K, 4 (6 >O). Thus for any particular DC bus voltage, 
there is a minimum frequency below which the system does not 
generate. As the rotor speed changes, the power angle 6 also 
changes and the torque follows the curve shown in Figure 7. The 
stator current can be found by solving the phasor diagram shown 
in Figure 6.  

As the frequency increases, the power angle and the stator 
curtent Is increases. Expressed in a different way, the generator 
power can be written as follows: 

It can be observed h m  these equations that the corresponding 
stator current and the power generated never reaches maximum, 
and power angle never reaches 90" (unless the frequency goes to 
infinit). The power angle, the torque, and the stator current as 
a function of the frequency (or the rotor speed) can be drawn in 
Figure 8. The torque and stator current have been scaled to fit 
into the same axis as the power angle. On the same figure. a 
typical target torque (Rarget) is drawn. In reality the mechanical 
target toque of the wind turbine has to be limited for mechanical 
or electrical reasons, or both. 

The major drawback of the uncompensated mode is that the 
loading characteristic of the generator cannot be changed, it is 
determined by the characteristic of the generator (4 and Ls) and 
the DC bus (battery voltage). Thus as the rotor speed increases, 
there will be a corresponding stator current, power, torque and 
power angle. As shown in Figure 8, the system starts to operate 
at about 40 Hz when the generator begins to charge the battery. 
The stator current, power angle increases, the torque reaches its 
peak at power angle about 45 degrees. As predicted from the 
equation, the stator current never reaches a maximum, and the 
power angle never reaches 90 degrees as the rotor speed 
increases. The DC bus voltage determhes the frequency at which 
the generator begins to charge the battery. The lower the DC bus 
voltage, the Iower the frequency of the generator before it starts 
to charge the battery. 

IV. COMPENSATED SYSTEM CHARACTERISTICS 
In an uncompensated system, the generator torque depends on 

the flux, the synchronous inductance, and the power angle. Thus 
the torque capability is limited by the characteristic of the 
synchronous machine. For a constant terminal voltage Vs, the 
only way to change the torque angle is to adjust the rpm of the 
genemor. Thus without compensation, the characteristics of the 
power generation is dependent to the wind turbine and generator. 
On the other hand, the wind turbine power generation can be 
optimized by changing the characteristics of the load applied to 
the generator. 

To change the load of the generator, the V s h e  at the terminal 
of the generator should be controlled. The power angle, the 
power, and the stator current will follow accordingly. Figure 9 
shows a family of torque curves as a function of the output 
frequency. For single DC bus voltage, the torque vanes with 
frequency as the rotor speed changes. It can be seen that none of 
the curves fit the target torque which means that at constant DC 
bus. the wind turbine is not operated in the maximum Cp except 
at the crossing points between the generator torque curve and the 
target torque curve. 
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DC-DC Power Converter Approach 
The te& Vdoe can be controlled by adjusting the DC bus 

voltage. Referring to Figure 9. the characteristic of the generator 
can be changed if the terminal voltage Vs is adjustable. To follow 
the target power, the terminal voltage Vs (i.e., DC bus voltage) 
must be changed as the rotor speed changes. For one DC bus 
voltage setting, there can be two, one or no crossing points 
between the generator power and the target power. As an 
example, for a DC bus voltage of 150 volts, there are two 
operating points (point B and point b) that satisfy the target power. 
Point B corresponds to a lower power operation at low frequency, 
lower 6 angle, higher terminal Vs/we, and lower stator current. 
Point b corresponds to higher power operation at higher 
frequency, higher 6 angle, lower te-1 Vs/we, and higher stator 
current Is. 

The strategy discussed below is one among many different 
control algorithms that can be implemented. The controller can 
be regulated so that the generator operation will be in the lower 
6 angle as the stator terminal voltage varies. With low 6 angle, 
the generator is always operated at minimum stator current to 
achieve the same output torque. Thus the copper losses in the 
stator winding can be minimized. Obviously, as the frequency 
increases, the power angle increases until a maximum torque is 
reached at about 45 degrees power angle. From then on, it will 
be best to keep the torque at its maximum value as frequency 
inCreaSeS. 

The DC-DC converter @C converter) can be inserted 
between the rectifier output and the DC battery. It can be used to 
change the apparent DC bus voltage seen by the generator. Thus 
by controlling the DC converter, the terminal voltage Vs of the 
synchronous generator is adjustable and Vs/oe can be controlled 
independent of frequency. Figure 9 shows the generator torque 
with the DC bus set to different values. The operating points of 
the system control are identified by diamond string. Three 
regions of interest can be distinguished the constant Cp-target 
region, the constant DC voltage region, and the constant torque 
(peak torque region). In the lower power region, the generator 
torque can follow the target torque where the power coeficient 
can be kept at Cp-target. Thus the DC bus voltage is controlled 
to track the target torque. As the rotor speed increases, the 
generator torque gets closer to its peak value until it's tangent to 
the target torque. From this point, the DC bus voltage is kept 
constant until the peak torque is reached. This region is called the 
constant Vdc region. As the frequency increases, the torque is 
kept constant at its peak value and this region can be called the 
constant torque region. This region is also related to constant 
Vslwe and constant 6 angle (45 degrees). 

Figure 10 shows how the DC bus voltage can be controlled to 
adjust the generator torque to follow the path of Ttarget specified 
along the diamond trace. The values of DC bus voltage versus 
frequency can be computed given the parameters of the generator 
and the wind turbine. The values of Vdc are controlled based on 
the frequency or rpm. In the constant Cp-target region, the DC 
bus voltage is vaned non-linearly and then it is kept constant in 
the constant DC bus region and finally it is vaned linearly in the . 
constant torque region. 

Although there are many ways to implement the concept 
described above, one possible way is to control the duty cycle of 

. the DC Converter related to the rpm measured. This can be done 
in a feed forward fashion which works fme if the DC battery 

voltage is approximately constant. It can also be done by 
providing the DC bus voltage feedback. The deviation (error) 
between the commanded DC bus voltage and the actual DC bus 
voltage can be used to control the duty cycle of the DC converter. 

Another way to control the system is to include a power 
measurement into the DC side and measure the average power 
charging the bauery. The rpm measured can be used to compute 
the approximate target torque of the wind turbine (using 
equation 2). The torque can be measured indirectly. Le., the 
measured power is divided by the measured rpm. Any error 
between computed target torque and measured torque can be used 
to adjust the duty cycle of the DC converter. 

The per-phase equivalent circuit representing the compensated 
system is similar to the one shown in Figure 4 with the exception 
that terminal voltage (Vs) in a compensated system can be 
changed. The constraint of unity power factor, and unidirectional 
power flow stiU exists. Unlike the uncompensated system, the 
torque can be adjusted by controlling the terminal voltage Vs 
independent of frequency. It can be shown that reducing the 
temhal voltage Vs at one particular rpm increases the generator 
torque until the power angle 45 degrees is reached. 

Series Capacitor Compensation 
Another method to control the terminal voltage of the 

synchronous generator is to separate the DC bus from the terminal 
voltage of the synchronous generator. By separating the terminal 
voltage from the DC bus, the terminal voltage does not have to be 
clamped to the DC bus voltage. One possibility is to use a series 
capacitor inserted between the terminal of the generator and the 
input to the rectifier. 

The physical diagram describing the series capacitor 
compensation can be shown m Figure 11 and the equivalent circuit 
can be shown in Figure 12. The presence of the capacitor in 
series with the generator does not change the constraint imposed 
by the rectifier and battery voltage which is represented by 
voltage Vs' in the equivalent circuit. The rectifier-battery unit is 
represented by unity power factor and unidirectional power flow. 

There are two different ways of looking at the system. One 
is to treat the synchronous reactance and the capacitor as a unit 
impeaanCe co~ecting two bus voltages. The other one is to treat 
the generator connected to a unity power factor load in series with 
the capacitor. As a unit impedance, the total impedance of the 
load seen by the EMF of the generator is smaller. Thus the total 
impedance Win be Xs-Xc and the torque equation can be derived. 

The torque capability of the system changes as the series 
capacitor is added to the system. If the synchronous reactance 
and the series capacitor is treated as a unit, the following equation 
can be written: 



The torque and power as a function of angle 6' is shown to 
have adjustable peak values. At any rpm, the peak value of the 
torque and the power are boosted up by the reactance Xc created 
by the capacitor which has the opposite sign of the reactance Xs. 
Thus the overall denominator is smaller. 

It is clear that the peak torque varies with frequency as the 
level of capacitor compensation varies with frequency. The 
phasor diagram comparing the uncompensated system with the 
compensated system can be drawn in Figure 13. Note that the 
angle 6' in the compensated system is an angle between the emf 
voltage E and the voltage across the rectifier Vs', while the angle 
6 is the power angle between the emf voltage E and the terminal 
voltage Vs. 

The compensated system can also be treated as a generator 
connected to a leading power factor load which consists of a 
rectifier in series with AC capacitor. The terminal voltage Vs is 
not constant, and the load current Is is not in phase with the 
terminal voltage Vs. It can be expected that the terminal voltage 
is higher than the voltage across the rectifier input. It is shown in 
Figure 13 that the installation of the capacitor cancels some of the 
voltage drop across the synchronous reactance. As a result the 
voltage across the terminal Vs is higher in the compensated circuit 
than the uncompensated one. 

It is shown in the phasor diagram that the compensated system 
generates a higher stator current and a higher terminal voltage 
Vs. Thus the peak torque of the compensated system is higher 
than the uncompensated system. The torque angle 6 of the 
compensated system also increases, creating an overall increase 
on the output power generated. 

Typical current and voltage waveforms of the series 
compensated system can be shown in Figure 14. It is shown that 
the terminal line-to-line voltage VLL is not sinusoidal due to the 
rectifier connected at the termjnal. The current waveform is close 
to sinusoidal which will have a minimal impact on the torque 
pulsation on the rotor shaft. Between each terminal of the 
generator and the rectifier there is a series capacitor installed. 
The AC voltage across the rectifier input is mainly affected by the 
DC bus voltage. 

The target power from the wind turbine and the power output 
of the generator as a function of rpm are presented in Figure 15. 
Three different compensations are shown (Vdc = 180 volt with 
series capacitor = 65 uF, Vdc = 180 volt with series capacitor 
C=220 uF, and Vdc = 350 volt with series capacitor C = 220 
up). It is shown that the effect of the lower DC bus enables the 
generator to operate at lower rpm. The two different sizes of 
capacitor at the same DC bus voltage have different torque speed 
characteristics. In the lower speed region, the lower DC bus 
voltage is closer to the target power, and as the rotor speed 
increases, the DC bus voltage needs to be increased. Thus there 
is no ideal solution for the series capacitor compensation. 
However, the torque speed characteristic of the generator can be 
made to approximate the target power by proper choice of the 
capacitor and the DC bus voltage. 

V. Conclusion 
Our investigation of this battery charging system has shown 

that the following can be done to improve the energy capture of 
the wind turbine: 

-The characteristics of an uncompensated system are determined 
by the parameters of the generator. The torque-speed 
characteristic of the generator cannot be changed without any 
active control. 
- Compensation with DC-DC converter 
* The wind turbine can be operated at maximum Cp (Cp-target) 
at any rpm (within the range of allowable operation). 
* The torque-power angle ("4) characteristic has the same peak 
as the uncompensated generator. However, the torque can be 
controlled independent of the rotor speed by controlling the 
terminal voltage Vs (duty cycle of DC converter). Once the peak 
torque is reached, the DC converter can be used to keep constant 
torque (at the peak value). 
* As in the uncompensated system, the load presented to the 
generator is a unity power factor load. 
*There is a need to control the duty cycle of the DC converter to 
control the terminal voltage Vs at any rpm. 
- Compensation with a series capacitor 
* The series compensation can increase the torquelpower 
capability of the generator. 
* The power factor of the load presented to the generator is no 
longer a unity power factor load. The series capacitor presents a 
leading power factor to the generator. 
* For a preset value of series capacitor, the torque, power, and 
current are dependent on the rotor speed and cannot be fully 
controlled. 
* There is no control necessary; the torque speed characteristic 
can be made to approximate the target power characteristic by 
proper choice of capacitor and DC bus voltage. 
- The next logical step to improve the compensation is to combine 
the series capacitor compensation and the DC converter approach. 
In a combined compensation (series capacitor and DC-DC 
converter) the following characteristics can be expected: 
* With series capacitor the torque capability of the generator is 
increased; thus operation at maximum Cp can be extended to a 
wider range. 
* With DC converter, the operation at maximum power capture 
(Cp-target) is possible at any rpm as long as the other operating 
limit (speed, voltage, and stator current) are not exceeded. 
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