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Abstract—This paper presents the analysis, design, simulation,
and experimental results for a three-stage static power converter
for battery charging feasible to small wind energy conversion
systems. The system employs a boost converter cascaded with
a Graetz bridge that allows the implementation of a maximum
power point (MPP) tracker and the reduction of the mechanical
speed under overvoltage conditions across the batteries. Moreover,
a buck converter is connected in series with the boost stage to
ensure a constant voltage bus between the aforementioned topolo-
gies. Thus, it is possible to extract the maximum power over the
entire wind speed range, and battery charging can be realized
through conventional techniques. The complete design of the pro-
posed battery charger including power, control, and supervisory
circuits is presented and developed, considering a 300-W system,
with the possibility of charging battery banks rated at 12 or 24 V.
Simulation results are presented to prove the existence of MPPs in
the wind generator. Finally, experimental results of the developed
prototype required to validate the functionality of the proposed
study are presented and discussed.

Index Terms— Battery charging, boost converter, buck con-
verter, maximum power point (MPP), wind energy.

I. INTRODUCTION

IN GENERAL, autonomous wind energy conversion systems
use some sort of energy storage device. It can be accom-

plished by either using batteries to supply electrical equipment
(directly or through the dc link of the inverter stage) or gravita-
tional energy methods. The systems that use batteries demand
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an electronic circuit to control the charging and discharging
process of the battery bank.

The direct connection of a three-phase rectifier to batteries is
a common practice adopted by some manufacturers. Although
there is simplicity and robustness, several problems associated
with this solution result [1], such as the reduction of battery
useful life and increase of power losses.

In order to solve these problems, many alternative solutions
are presented, such as the association of a buck converter in
series with a Graetz bridge to extract the maximum power of
the turbine [2], [3]. However, this topology does not deliver
power to load when the generated peak voltage is less than the
battery voltage. Other solution is to use a boost converter in
parallel with the Graetz bridge to regulate the input voltage of
the battery charger, while the generated voltage is not able to
forward bias the rectifier diodes [1]. Moreover, such method
does not allow tracking the maximum power for medium and
high wind speeds. A simple structure to solve the previous prob-
lems is to use a boost converter cascaded with the Graetz bridge
[4]. Although this topology operates over the entire range of
wind speed, this practice is not usual due to the necessity of
high voltages, i.e., many batteries in series. The buck–boost
converter is another topology already studied in [5] and [6],
but its disadvantage lies in the reversed output voltage. The use
of semicontrolled rectifiers as in [7] and [8] represents good
solutions to improve the power factor in electrical machines, but
the inclusion of extra switches and current sensors may cause
the battery charger cost to increase significantly. Pulse-width
modulation (PWM) rectifiers are also a prominent solution
[9], [10], but they are more appropriated in medium and large
systems due to high implementation cost.

The converter feasible to small wind energy conversion
systems (SWECSs) proposed in this paper tries to aggregate
the main advantages existent in the aforementioned topologies,
which consist in uncontrolled rectifiers cascaded with dc–dc
converters. The proposed battery charger shown in Fig. 1
presents a Graetz bridge associated with a boost converter and a
buck converter. The Graetz bridge is used to rectify the ac gen-
erated voltage. The boost converter is responsible for tracking
the maximum power through a maximum power point (MPP)
tracker (MPPT) system over the full range of wind speed. It is
also responsible for regulating the battery bank voltage, thus re-
ducing the permanent-magnet synchronous generator (PMSG)
rotation due to high voltage levels that may appear across the
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Fig. 1. Proposed battery charger.

TABLE I
SPECIFICATIONS FOR THE DESIGN EXAMPLE

battery. Finally, the buck converter is used to control the dc
link in order to ensure constant voltage and the adequate
interconnection of the aforementioned converters. Moreover,
the number of batteries connected to the battery charger can be
properly adjusted. The disadvantage of the proposed topology
is the use of many cascaded converters, leading to the reduction
of the global efficiency of the battery charger. The design of
the proposed three-stage static power converter is presented, so
that simulation and experiment can be obtained and properly
discussed to validate the theoretical study.

II. DESIGN EXAMPLE

The proposed battery charger feasible to SWECSs shown in
Fig. 1 is composed of a triblade horizontal-axis wind turbine
(HAWT) emulated with ratio and power coefficient equal to
0.505 m and 0.48, respectively. The HAWT is connected to an
axial flux PMSG, known as Torus machine, which is rated at
350 W for the generated power, generated peak voltage of 45 V,
14 poles, and electrical frequency of about 60 Hz. The battery
bank is composed of one or two lead–acid batteries, both rated
at 12 V/150 Ah. A design example for the battery charger is
presented as follows.

A. Power Stage

The power stage design considers the specifications shown in
Table I and the assumptions given in Table II. From the afore-
mentioned data and by using the methods proposed in [11] and
[12], the values obtained for the filter elements are presented in
Table III. For the choice of the capacitors, the equivalent series
resistance and rms current were used as key parameters.

The semiconductors were chosen according to the design
procedure and properly considering both current and volt-
age stresses according to the availability of components in
the laboratory. Diodes 1N5408 are used as rectifier diodes,
MBR100C20 corresponds to the Schottky diodes in the dc–dc
converters, and MOSFETs IRFP4710 are the main switches.

TABLE II
ASSUMPTIONS FOR THE DESIGN EXAMPLE

TABLE III
VALUES OBTAINED FOR FILTER ELEMENTS

B. Control System

The control system aims to limit the battery voltage through
the reduction of the mechanical speed of the wind turbine and
also implement the MPPT system.

Fig. 2 shows the block diagram that represents the control
system in the boost stage. The structure is similar to that
proposed in [4], but it is used to regulate the battery voltage.
The internal controller CIL1(s) regulates the average inductor
current IL1 considering the variation of the duty cycle d1. The
reference signal Iref for this compensator is the highest signal
between the MPPT reference current IMPPT and the control
signal ICVi provided by the input voltage controller. If the
battery bank voltage does not present overvoltage, the reference
for the average inductor current would be the optimal current
that allows obtaining the MPP. Otherwise, the reference will be
provided by an external loop controller CVbat(s). This control
signal is supposed to be decreased so that the wind turbine
slows down as well as the input voltage Vi decreases and the
battery voltage can be regulated. Thus, it is possible to optimize
the power delivery and implement a protection system for the
batteries at the same time.

Fig. 3 shows the block diagram for the control system of the
buck stage. By using controller CVdc(s), the buck converter
duty cycle is adjusted to maintain the dc-link voltage Vdc

high and constant, consequently ensuring the correct interaction
between the boost and buck converters.

The transfer functions (TFs) of the controlled plants are
modeled by using the instantaneous average-value method [12].
The control system was designed according to the guidelines
given in [12] and [13]. The boost stage control system is
composed of three controllers, i.e., a proportional-integrator
(PI) controller with filter, a PI controller, and an integra-
tor. To control the dc-link voltage in the buck converter, a
proportional–integral–derivative controller is employed.

The conditions adopted to design the controllers are to obtain
a compensated loop gain with a slope of −20 dB/dec at the
desired crossover frequency to ensure stability to the system
and phase margin higher than 45◦ to avoid dynamic behavior
with high oscillations.
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Fig. 2. Block diagram representing the control system used in the boost stage.

Fig. 3. Block diagram representing the control system used in the buck stage.

1) Control of Average Inductor Current IL1: The instan-
taneous average value for inductor voltage (1) is obtained
replacing the voltages according to each operation step, i.e., the
duty cycle d1(t) for switch S1 and its complement d′1(t). To
construct a small-signal ac model at a quiescent operating point,
one assumes that 〈iL1

(t)〉 and 〈vi(t)〉 are equal to some given
constant values IL1 and D1, increased by some superimposed
small ac variations îL1

(t) and d̂1(t), as shown in (2) and
(3). Replacing (2) and (3) in (1), the expression is linearized,
eliminating dc and second-order ac terms. Using the Laplace
transform, the TF is obtained in (4) considering perturbations
only in the inductor current iL1(s) and duty cycle d1(s). The
remaining magnitudes are considered as time invariant. The
plant for the aforementioned control system is constituted by
(4) and the PWM modulator, whose TF is represented by
F1(s) = 1/Vm, where Vm is the amplitude of the sawtooth
carrier

L1

d 〈iL1
(t)〉TS1

dt
=
(
〈vi(t)〉TS1

)
d1(t)

+
(
〈vi(t)〉TS1

− Vdc

)
d′1(t) (1)

〈iL1
(t)〉TS1

= IL1
+ îL1

(t) (2)

d′1(t) =D′
1 + d̂1(t) (3)

GIL1−d1
(s) =

îL1
(s)

d̂1(s)
=

Vdc

s · L1
. (4)

The compensator, shown in (5), was designed to adjust the
crossover frequency at one decade (2 kHz) below the switching
frequency. According to the classic control theory, the crossover
frequency of a controlled system cannot be higher than one
quarter of the rated frequency of the plant [14]. This procedure
is necessary to avoid the mitigation of the plant natural oscilla-
tion by the compensator, which makes the system unstable

CiL1
(s) = 1.1 · s+ 1.2× 103

s · (s+ 6.8× 104)
. (5)

Fig. 4. Bode diagrams for UCLIL1(s), CIL1(s), and CLGIL1(s).

The Bode plots for the gain and phase of the uncompensated
loop ULGIL1(s), the compensator CIL1(s), and the compen-
sated loop CLGIL1(s) are shown in Fig. 4. The obtained phase
margin is equal to 74◦ with a slope of −20 dB/dec at the
crossover frequency.

2) Control of Input Voltage Vi: The method used to obtain
the TF of the system in (6) is the similar to previous one. The TF
is obtained considering perturbations only in the input voltage
vi(s) and inductor current iL(s). This plant has a slow dynamic,
and duty cycle variations are not so influent, as it can be
considered constant. The dc-link voltage Vdc is regulated by the
buck control system, and the input capacitor series resistance
RC1 is considered in this plant because it affects the input
voltage ripple. The variation of the input voltage influences the
mechanical speed, while the inertia moment J must be included
in the dynamic model. The equivalent inertia was obtained by
energy equivalence and is represented by capacitor CJ in (7). If
the generator current dynamic is ignored, CJ can be considered
in parallel with C1. The system considered in this control
system is formed by (6) and the closed-loop TF CLTFIL1(s)
obtained in (4).

The compensator is presented in (8), and it was designed
to adjust the crossover frequency at one quarter (15 Hz) of
the natural frequency of the plant, i.e., the generated electrical
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Fig. 5. Bode diagrams for ULGV i1(s), CV i(s), and CLGV i(s).

frequency in this case. Moreover, the crossover frequency can-
not be higher than one quarter of the crossover frequency of
the internal closed loop to ensure the decoupling between the
controlled plants and, consequently, stability and absence of
oscillations

GVi−IL1
(s) =

v̂i(s)

îL1
(s)

= −RC1
·
s+ 1

RC1
·C′

1

s
(6)

C ′
1 =C1 + CJ = C1 + J · ω

2
m

V 2
i

(7)

Cv1
(s) = 54.6 · s+ 9.2

s
. (8)

The Bode plots for the uncompensated loop ULGV i(s), the
compensator CV i(s), and the compensated loop CLGV i(s) are
presented in Fig. 5. The obtained phase margin is equal to 91◦

with a slope of −20 dB/dec at the crossover frequency.
3) Control of Battery Voltage Vbat: To obtain the TF of the

plant in (9), only perturbations in the output voltage vbat(s)
and input voltage vi(s) are considered. This plant has slow
dynamic, while duty cycle variations are barely noticeable. The
dc-link voltage Vdc is constant due to the buck stage control
system. The battery is modeled as an internal resistance Rbat in
series with a capacitance Cbat, which is obtained in (10). The
plant for this control system is formed by (9) and the closed-
loop TF CLTFV i(s) obtained in (6).

The compensator is presented in (11), and it was designed
to adjust the crossover frequency at one decade (1.5 Hz) below
the crossover frequency of the internal closed loop due to the
aforementioned reasons

GVbat−Vi
(s)=

v̂bat(s)

v̂i(s)
=

α
(
s+ 1

RbatCbat

)

s3+ C3+Cbat

RbatC3Cbat
s2+ 1

αs+
1

αRbatCbat

(9)

where Le = L1//L2 and α = 1/LeC3.

Cbat =
3600 · CapAh

N · Vbat
(10)

Fig. 6. Bode diagrams for ULGVbat(s), CVbat(s), and CLGVbat(s).

where CapAh is the battery capacity and N is the number of
batteries

Cvbat
(s) = 0.6 · 1

s
. (11)

The Bode plots for the uncompensated loop ULGVbat(s)
considering one or two batteries are similar, while this example
was designed for two units. The Bode plots for ULGVbat(s),
the compensator CVbat(s), and the compensated loop gain
CLGVbat(s) are presented in Fig. 6. The obtained phase margin
is equal to 81◦ with a slope of −20 dB/dec at the crossover
frequency.

4) Control of DC-Link Voltage Vdc: Finally, the TF of the
plant is presented in (12), which is obtained considering only
perturbations in the dc-link voltage vdc(s) and the buck stage
duty cycle d2(s). The output voltage is stabilized by the boost
stage control system, and the input capacitor series resistance
RC2 is considered due to the same aforementioned issues.

The plant for the control system is formed by (12) and the
PWM modulator, whose TF is F2(s).

The compensator, shown in (13), was designed for a
crossover frequency of 20 times (1 kHz) less than the switching
frequency of the buck converter

GVdc−d2
(s) =

v̂dc(s)

d̂2(s)
=−IdcRC2

(
s+ 1

RC2
C2

)(
s+D2Vdc

IdcL2

)

s2+
RC2

D2
2

L2
s+

D2
2

L2C2

(12)

CiL1
(s) = 6.6 · (s+ 439.9) · (s+ 439.9)

s · (s+ 2.2× 103)
. (13)

The Bode plots for the uncompensated loop ULGVdc(s), the
compensator CVdc(s), and the compensated loop CLGVdc(s)
are presented in Fig. 7. The obtained phase margin is equal to
92◦ with a slope of −20 dB/dec at the crossover frequency.
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Fig. 7. Bode diagrams for ULGVdc(s), CVdct(s), and CLGVdc(s).

Fig. 8. Flowchart for the adjustment of the reference levels.

C. Supervisory System

The supervisory system, which was developed using Mi-
crochip PIC16F877A, gives the set point for the control system
and comprises two main functions: providing the output voltage
reference and also the MPP reference. Other functions for the
supervisory system are monitoring of the charging state, choice
of the battery charging mode (charge or equalization), and self-
adjustment of the output voltage references according to the
number of batteries connected to the converter.

The main function of the implemented algorithm is basically
to set the initial configurations of core and memories of the
microcontroller such as internal fuses, libraries, and peripheral
devices [electrically erasable programmable read-only memory
(EEPROM), I/O ports, A/D converters, timers, and PWM chan-
nels]. Moreover, it is supposed to check the number of batteries
connected to the charger, i.e., one or two units. The set points
are adjusted in an interruption routine and provided by PWM
signals with RC passive filters.

The flowchart of the interruption routine, which provides
the references for the controllers, is shown in Fig. 8. The first
function of the routine is to provide the voltage set point,

Fig. 9. Electric circuit simulated to obtain the MPP.

which has priority because it is necessary to preserve battery
useful life due to overvoltage. It regulates the converter through
the operation of the wind turbine out of the MPP region and
develops a modified three-stage charging method (limited cur-
rent, constant charging voltage, and constant floating voltage)
with equalization mode. The limit for the output voltage is
recommended by the battery manufacturer (14.0 V for charging
and 14.3 V for equalization). When the battery voltage reaches
the limit and the current through the battery is minimum (at 2%
of capacity), the charging reaches the third stage, as the output
voltage is set to the floating point (13.5 V). The second function
consists in regulating the optimum average inductor current of
the boost converter according to the measured input voltage Vi

so that the wind generator operates at MPP using a lookup table
recorded in the internal EEPROM of the microcontroller.

III. SIMULATION RESULTS

Simulation tests were performed in order to evaluate the
proposed system model. All simulations of the system under
study are realized using the PSIM software.

In this paper, the simulations are focused on the determi-
nation of the MPPs by adding a controlled voltage supply in
the output of the rectifier, as shown in Fig. 9. The controlled
voltage supply determines a variation in ramp form for the input
voltage Vi. This variation changes the impedance seen by
the generator and, consequently, the generated voltage. The
mechanical speed is then changed according to the variation of
the generated voltage. Hence, by observing the output power
waveform, one can verify the existence of a point at which
the output power is maximum. This MPP occurs at an optimal
dc-link voltage for each value of the wind speed [1].

Fig. 10 shows the output power curve, where the wind speed
is 12 m/s and the dc-link voltage was varied from 0 to 80 V
in the ramp form during the simulation. It is observed that the
maximum power is 345 W, occurring at an input voltage of
about 43.7 V. Therefore, this value is the optimal point for the
simulated wind speed.

It is also worth to mention that there is a significant power
waste if the MPPT system is not included, as shown in Fig. 10.
It is observed that, for the floating battery bank voltages of
13.5 and 27 V, the transferred output powers are nearly 30 and
240 W, respectively. It means that appreciable power losses will
exist in the electric machine if a system composed of the wind
generator and the rectifier supplies the battery bank directly.

Fig. 11 shows the simulation results for the MPP over a wide
range of the wind speed. In the battery charger prototype, for
each sampled value of the input voltage, an optimal reference
current for the inductor current controller is set in accordance
with the data recorded in the EEPROM of the microcontroller.
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Fig. 10. Profile of the extract power when the input voltage across the rectifier
stage varies in the ramp form for v = 12 m/s.

Fig. 11. Simulation results with MPP operation.

Fig. 12. Experimental prototype of the battery charger.

IV. EXPERIMENTAL RESULTS

Fig. 12 shows the implemented prototype, composed of
control, supervisory, and power processing circuitries. The ex-

Fig. 13. (1) Line voltage VL (20 V/div). (2) Line current IL (10 A/div).
(3) Rectified voltage Vd (50 V/div). Time base: 4 ms/div.

perimental results focus on three main aspects: steady state, dy-
namic behavior (MPPT and battery voltage regulation modes),
and efficiency.

The PMSG is driven using a dc machine and a variable
voltage source in series with a resistive bank to regulate the
armature voltage. Thus, it is possible to emulate a wind turbine
and also the wind speed. The machine is rated at 220 V/9.1 A/
1800 r/min, and the voltage source is rated at 550 V/15 A.

A. Steady-State Behavior

The results in steady-state condition were obtained using one
battery as load. Fig. 13 shows the generated line voltage, the
line current, and the rectified voltage. The line voltage and
line current waveforms present the typical nonlinear shape of a
Torus machine connected to a three-phase rectifier. The rms and
maximum line voltage values are 35.5 and 46 V, respectively,
while the maximum line current is 11.7 A.

The waveforms for input voltage Vi, inductor current IL1,
dc-link voltage Vdc, and battery current Ibat are shown in
Fig. 14. It can be seen that Vi (45 V) and IL1 (7.6 A) and
their respective ripples remain within the limits of the design
example. The dc-link voltage Vdc equals 68.5 V, and the error is
about 3.5% when compared with the assumption for the design
(70 V). Analogously, Fig. 14 shows the battery current, while
the average value is 21.5 A and the current ripple is not higher
than the design specification. The maximum rated value for Ibat
(28.5 A) is not reached because the battery is in half-charge
state.

B. Dynamic Tests

The results regarding the dynamics of the proposed system
were obtained using two batteries as load. The MPPT operation
mode is shown in Fig. 15. A discrete variation of the current
through the inductor for a continuous input voltage variation
is observed. It occurs because the MPPT algorithm used in the
prototype is based on a lookup table. Since the bus voltage Vdc

is constant, the battery current presents a similar shape.
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Fig. 14. (1) Input voltage Vi (20 V/div). (2) Inductor current IL1 (2 A/div).
(3) DC-link voltage Vdc (20 V/div). (4) Battery current IL2 (10 A/div). Time
base: 20 μs/div.

Fig. 15. (1) Input voltage Vi (20 V/div). (2) Inductor current IL1 (2 A/div).
(3) DC-link voltage Vdc (50 V/div). (4) Battery current Ibat (5 A/div). Time
base: 1 s/div.

To verify if the MPPT mode performs correctly, the mechan-
ical speed of the dc machine was varied to obtain the values for
the input voltage and current through the inductor. Therefore, it
is possible to compare simulated and experimental results. The
results are presented in Fig. 16, as it is possible to observe that
the current through the inductor and the input power present
small error when compared with the values in Fig. 11. The only
exceptions are the first two results, which represent negligible
values. It occurs due to the high static gain of the boost stage
at small wind speeds, causing the operation of the converter in
discontinuous conduction mode. The results for input power are
shown in Fig. 17, and it is observed that experimental results are
similar to simulation realized.

Fig. 18 shows the battery voltage Vbat and the current
through battery bank Ibat for the voltage regulation operation
mode. The battery voltage reference was chosen to regulate
the battery bank voltage around the floating point, defined as
25.0 V (i.e., 12.5 V per battery). It is observed that the control

Fig. 16. Experimental results with MPP operation.

Fig. 17. Simulated and experimental results of input power Pi with MPP
operation.

Fig. 18. (1) Input voltage Vdc (20 V/div). (2) Inductor current IL1 (2 A/div).
(3) Battery voltage Vbat (10 V/div). (4) Battery voltage Ibat (5 A/div). Time
base: 4 s/div.
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Fig. 19. Measured efficiency of the battery charger as a function of the output
power.

system response at a given instant actuates to reduce the current
level. The input voltage Vi is decreased, as shown in Fig. 18,
and so is the machine rotation. The current through inductor IL1

becomes more oscillatory than it was (due to the existence of a
low-frequency component), because the battery and input volt-
age compensators force the current reference to maintain the
battery voltage level constant. Moreover, there is the absence of
an electronically controlled turbine emulator, which is desirable
to ensure the mechanical speed and torque characteristics.

C. Efficiency

Fig. 19 represents the measured efficiency curve of the
battery charger as a function of the output power for the battery
banks rated at 12 and 24 V, while the respective efficiencies at
the rated power are 85.4% and 87.7% and considered satisfac-
tory for low-power stand-alone mode applications. When the
system operates with one battery, the output current is doubled,
and the stresses involving the buck converter semiconductors
are increased, causing the efficiency to decrease.

V. CONCLUSION

This paper has presented a three-stage battery charger feasi-
ble to small wind systems. The operation modes of the proposed
system (MPPT and battery voltage regulation) were tested, and
acceptable experimental results were obtained.

Although the battery charger is formed by a three-stage static
power converter, the prototype presents good efficiency over
the entire load range, particularly in the case of two-battery
operation.

The developed prototype is an interesting and low-cost
choice when it is desirable to transfer the maximum power from
the wind turbine to the battery bank over the entire wind speed
range and also in cases where it is necessary to vary the number
of connected batteries.

Future perspectives for additional studies include the devel-
opment of perturb-and-observe MPPT algorithms and the use of
a variable dc-link Vdc voltage according to the generated power,

so that faster dynamic response is achieved and the system
operates adequately at low wind speeds.
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