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Abstract—In this article, synchronous rectification was studied
as a solution to increase the energy yield of battery connected
Locally Manufactured Small Wind Turbines (LMSWTs). An
analytical expression to determine the necessary battery voltage
for synchronous rectification on the LMSWT Permanent Magnets
Synchronous Generator (PMSG) was derived. It was found
that the battery voltage for synchronous rectification should
be two times higher than that of the passive strategy for an
identical generator. The performance of the LMSWT under
synchronous rectification with Field Oriented Control (FOC) and
Optimal Torque (OT) Maximum Power Point Tracking (MPPT)
was measured experimentally on a real scale wind turbine
emulator under steady wind conditions. It was found that for the
passive Diode Rectifier (DR) configuration, the Annual Energy
Production (AEP) estimation was (16− 38%) lower than for the
synchronous rectification strategy.

Index Terms—Locally manufactured small wind turbines,
Maximum power point tracking, Synchronous rectification

I. INTRODUCTION

Small scale (< 20 kW) Wind Energy Conversion Systems
(WECSs) are mainly used for rural electrification in remote
areas or residential behind-the-meter grid connected applica-
tion. Locally Manufactured Small Wind Turbines (LMSWTs)
are identified as an adequate technology for sustainable rural
electrification. Following robust designs [1] ranging from 1.2
to 4.2 m rotor diameter, these horizontal axis wind turbines
are made of fixed pitch wooden blades mounted on an axial
flux PMSG. A passive furling system acts as a mechanical
protection by introducing a yaw angle for strong winds. By
definition, LMSWTs could be entirely manufactured by rural
communities with basic tools which facilitates the technology

adoption and its maintenance [2]. Additionally, they benefit
from a lower Levelized Cost Of Energy (LCOE) than similar
scale commercial wind turbines in low mean wind speed (< 6
m/s) areas [3]. This is mainly due to their low capital and
maintenance costs as well as their good performance at low
wind speeds. A way to further reduce the LCOE of LMSWTs
is to increase their energy yield by optimizing elements of the
power conversion chain. A typical power conversion chain of
a battery-connected LMSWT is represented in Fig. 1(a). In

Fig. 1. Locally manufactured small wind turbine system architecture with a
diode rectifier (a) or a synchronous rectifier (b).

the original configuration, the PMSG is connected to a battery
through a passive DR. This configuration does not allow MPPT
since the DC voltage of the battery is almost constant which
imposes a unique torque-speed trajectory to the generator [4].



However, it is possible to optimize the matching between
subsystem elements such as blades, generator, transmission
lines and battery voltage through a holistic design [5]. This
approach can lead to a behavior close to MPPT over a certain
range of wind speeds. However, the DR introduces significant
power losses in the system, mainly through the induced current
harmonics in the generator and the diodes’ conduction. The re-
placement of the DR by an active Synchronous Rectifier (SR)
in standalone Small Wind Turbines (SWTs) systems has been
studied in the literature [6]–[8]. It enables a precise control of
the generator torque through FOC and the implementation of
a MPPT algorithm. The associated architecture is represented
in Fig. 1(b) where the measurements of line currents and
angular position are required by the WECS controller. To our
knowledge, the impact of such a conversion strategy has not
been studied for LMSWTs.

The goal of this article is to evaluate experimentally the
performance of a vector controlled SR on a battery-connected
LMSWT system. Its performance will be compared with the
original passive DR strategy in terms of aerodynamic operating
points, efficiencies, power curves and AEP. In this scope, a
wind turbine emulator has been constructed [9] and connected
with a real scale LMSWT generator.

In Section II, the LMSWT system is modelled for both
active and passive rectifier configurations. The condition on
the necessary battery voltage to enable the comparison of
both strategies on the same generator is derived. Section III
presents the experimental setup composed of a wind turbine
emulator test bed. In addition, the measurement protocol is
also presented. Finally, the experimental results are presented
in Section IV for both strategies and then discussed.

II. SYSTEM OVERVIEW

Fig. 2. Overview of the system power conversion chain elements with their
losses and efficiencies.

The power conversion chain of the LMSWT system is
represented in Fig. 2 by an efficiency for each conversion
element and the corresponding losses.

A. Aerodynamics

The aerodynamic efficiency of the wind turbine rotor is
commonly modelled with the aerodynamic coefficient Cp

which enables to write a static expression of the power
extracted from the wind by the blades

Paero =
1

2
ρairAV

3
wCp(λ) = Pwind · Cp(λ), (1)

with A the rotor swept area, ρair the air density and Vw the
wind velocity.

LMSWTs blades have a fixed pitch, thus Cp varies in one
dimension according to the Tip Speed Ratio (TSR) λ written
as

λ =
ω ·R
Vw

(2)

where ω is the rotor angular velocity and R the rotor radius.
The aerodynamic coefficient of the LMSWT is represented

in Fig. 3. It has been computed from real test site experimental
data at the National Technical University of Athens, Greece.

Fig. 3. LMSWT aerodynamic coefficient in function of TSR.

By conservation of power, the aerodynamic torque applied
by the blades on the shaft can be written as

τb =
Paero

ω
. (3)

B. Generator

The generator topology used in the LMSWT is an axial
flux surface mounted PMSG with air-cored non-overlapping
concentrated windings. The corresponding voltage equations
in the reference rotating frame d− q are given by [10, p.232]

vd = Rsid + Ls
did
dt − pωLsiq,

vq = Rsiq + Ls
diq
dt + pωLsid + pφfω

(4)

with Rs the phase resistance, Ls the phase inductance, φf the
peak magnetic flux of the permanent magnets seen by a stator
phase winding, p the pole pairs number and ω the rotational
velocity. Since Clarke’s transform is used, amplitudes are
conserved which enables to write the phase voltage amplitude
as

V =
√
v2d + v2q . (5)

The electromagnetic torque of the PMSG is proportional to
the quadrature axis current according to

τg =
3

2
pφf iq. (6)



C. Rectifier and battery interaction

Let us define m as the ratio between the battery voltage and
the line voltage amplitude, expressed as

m =
Vdc
V
. (7)

This ratio will be explicated in the case of the SR (mSR) and
DR (mDR).

1) Diode Rectifier: The diodes within the passive rectifier
starts conducting when the line to line voltage amplitude
exceeds the DC-link voltage value, which means when the
condition

√
3V > Vdc (8)

is met. Hence the voltage ratio in the case of the DR is
constrained by

mDR <
√
3. (9)

The evolution of the power transfer through the DR in function
of mDR and the internal impedance of the generator can be
determined [4] but will not be analyzed in detail here. We
emphasize the fact that there is no power transfer possible
unless mDR <

√
3.

2) Synchronous Rectifier: The active rectifier used in this
work is a classical three legs with two levels voltage source
converter. The theoretical maximum sinusoidal phase voltage
amplitude Vmax achievable by this converter structure is given
by

Vmax =
Vdc√
3
≥ V. (10)

This could be achieved with space vector Pulse Width Modu-
lation (PWM) [11] which is used in this work. This leads to
a voltage ratio constrained by

mSR >
√
3. (11)

At this stage, it is essential to note that the necessary condi-
tions needed on the battery voltage level for the functioning
of the diode and synchronous rectifiers are not compatible.
Indeed, from the analysis of (9) and (11) it can be concluded
that

mDR < mSR. (12)

This highlights the fact that for a given mechanical operating
point of an identical PM machine, the two rectifiers require a
different DC-link voltage level to apply the same torque at a
given rotational velocity. Thus, reaching an identical WECS
aerodynamic operating point (τb, ω) implies a specific DC-link
voltage value for the passive rectifier, which is systematically
lower than the minimal value required to perform synchronous
PWM rectification. Hence, to be able to test the SR on the
LMSWT generator, the battery voltage should be adapted. The
DC voltage at the SR must be calculated by taking into account
the WECS control strategy.

D. WECS control strategy

The WECS control strategy chosen in this work is called
Optimal Torque (OT) control which has imposed itself as a
standard in variable speed wind turbines. This simple control
method benefits from strong stability proofs and is tolerant to
aerodynamic model uncertainties [12]. In spite of its sensitivity
to high inertia, it can lead to the optimal power in steady state
while ensuring smooth shaft loads during transients. Moreover,
it can be coupled to an optimization scheme to compensate
model uncertainties, which makes OT a good candidate for
LMSWTs. In this article, the aerodynamic model is known
and steady state operating points are considered. Hence, the
original OT scheme is used, which consists in tracking the
generator reference torque τ#g according to the law

τ#g = −Kω2 (13)

with K the torque gain. The use of a SR enables FOC which
allows controlling the generator torque through the quadrature
axis current using eq. (6). This well-established method [13]
will not be developed in this article. The gain K leading to
the optimal aerodynamic torque is denoted Kaero and can be
derived by inserting (1) and (2) in (3)

Kaero =
1

2
ρairAR

3Cp(max)

λ3opt
(14)

with Cp(max) the maximum power coefficient that occurs at
the optimal TSR λopt. In steady wind conditions, following
the control law (13) leads the wind turbine to the optimal
TSR [12]. Hence, at the rated wind speed Vw(rated), the
corresponding rated rotational velocity ωr could be calculated
from (2)

ωr =
λopt · Vw(rated)

R
. (15)

Operating conditions above the rated wind speed should take
into account the furling behavior of the wind turbine, which
is out of the scope of this article.

E. Battery voltage

It is known that the voltage of a typical 24V lead-acid
battery bank can vary from around 22V to 28V according to its
state of charge and temperature. In this work, the evolution of
battery voltage will be modelled by a DC load with a constant
DC voltage.

1) DR battery voltage: The generator used for the LMSWT
under study has been designed for a DR connected to a 24 V
battery pack. This system configuration will be tested under
several fixed battery voltages between 22 and 28V to evidence
the voltage influence on the global impedance matching.

2) SR battery voltage: An analytical expression of the static
constraint on Vdc could be established by inserting eqs. (6) and
(4) in eq. (5), leading to

Vmax ≥

√(
2τg
3pφf

)2

· (R2
s + (pωLs)2) + (pφfω)2 +

4Rsτgω

3
(16)



where the flux weakening possibility is excluded from the
analysis, meaning that id = 0. To determine the constraint
on the battery voltage under active rectification at rated wind
speed, one should solve (16) with the values of ω = ωr and
τg = −Kω2

r . Hence, by inserting (16) in (10), the minimum
battery DC voltage required for performing synchronous rec-
tification at rated wind speed can be calculated with

Vdc ≥
√
3ωr

√
(pφf )2 −

4

3
RsωrK −

2K

3pφf
(R2

s + (pLsωr)2).

(17)
This equation can be used to check if a battery voltage is high
enough to enable a synchronous rectified generator to match
a set of blades. In the scope of this article, we have used
it to determine the required DC voltage for the experimental
comparison. The computation of eq. (17) with the LMSWT
system parameters gives a DC voltage of 48V, which is two
times the battery voltage of the passive system original design.

III. EXPERIMENTAL SETUP

As a recall, the goal of the experimental setup is to be able
to measure a static power curve of a LMSWT with a real scale
generator, under passive and active rectification. The choice of
employing a Wind Turbine Emulator (WTE) test bed has been
made to be able to conduct the tests in a laboratory.

A. The test bench architecture

A picture of the emulator test bed is shown in Fig. 4. It is
made of a Permanent Magnets Synchronous Motor (PMSM)
which is controlled to emulate the torque applied by the blades
on the generator. The PMSM is mechanically connected to a
700W rated power LMSWT generator through a Torque Meter
(TM) which measures the shaft torque, angular velocity and
position. The PMSG is connected to the DR or SR alterna-
tively. The rectifier is directly connected to the DC load which
regulates the DC-link voltage. The generator phase currents
as well as DC-link voltage and rectifier output DC current are
measured. The software layers are embedded in a dSPACE
controller which ensures the measurements acquisition and
synthesis of control signals. The test bed full architecture and
control schemes are detailed in [9].

Fig. 4. The WECS emulator test bed : (a) PMSM, (b) TM, (c) PMSG.

B. Experimental framework

Using eqs. (1), (2), (3) and the LMSWT Cp(λ) characteristic
of Fig. 3, the motor torque τm is controlled in real time to
apply the aerodynamic torque of the blades on the PMSG.
Wind velocities from cut-in (3 m/s) to rated (10 m/s) by steps
of 0.5 m/s are successively applied to the emulator test bed. For
both rectifier configurations, the torque and rotational velocity
are measured by the TM, as well as the DC current and
voltage. All measurements are averaged over a 5s period. From
these measurements, it is possible to deduce the Generator-
Rectifier efficiency defined by

η = ηm · ηg · ηr =
Pdc

Paero
=
Vdc · Idc
τb · ω

. (18)

This metric will be used to analyze the results.

IV. EXPERIMENTAL RESULTS

A. Optimal torque gain under synchronous rectification

The OT control law optimizes the aerodynamic power Paero

only and does not take into account the mechanical, generator
and rectifier losses, as it can be seen on the power conversion
chain in Fig. 2. Hence, the maximum aerodynamic power does
not necessarily lead to the maximum electrical power output
[14]. That is why a first experiment to characterize the DC
power in function of the torque gain K has been conducted
under active rectification for low, medium and high wind
speeds (5, 7 and 9 m/s). The results are represented in Fig. 5
where each DC power curve is normalized by its maximum. It
can be observed that for the three wind speeds, the maximum
power is reached with a torque gain that is less important than
the Kaero computed analytically with eq. (14). The gain Kdc

which maximizes the DC power was found experimentally to
be a good compromise for all three wind speeds. It is located
on the left of Kaero in Fig. 5.

Fig. 5. Cartography of the DC power output in function of the gain K.

B. Aerodynamic behavior

1) Diode rectifier: PMSG based small wind turbines di-
rectly connected to a battery through a DR almost operate
at a constant rotational velocity. Hence, as the wind speed



increases, the TSR decreases. This is well illustrated by Fig. 6.
It can be observed that the cut-in (i.e. at Vw = 3 m/s) TSR is
affected by the battery voltage. A higher battery voltage leads
to a higher cut-in TSR. Indeed, to start transferring power, the
DR needs to respect the condition of eq. (9) which is verified
at higher rotational velocities as the DC voltage increases.
For each battery voltage, there is a wind speed for which the
TSR is optimal and hence Cp maximized. It can be seen from
Fig. 7 that a low battery level (22V-24V) maximizes Cp around
low wind speeds (i.e. 5 m/s). The wind speed at which Cp is
maximized shifts to the right as the battery voltage increases.

2) Synchronous rectifier: From Fig. 7, one can remark that
Kdc and Kaero both leads to a similar Cp, very close to the
optimal value for all wind speeds. From Fig. 6 it can be seen
that the gain Kdc leads to a TSR around 6 which is higher than
the value of 5.7 obtained with Kaero. Indeed, for a given wind
speed, a lower torque gain K results in a lower torque demand
from the controller, leading the rotor to a higher rotational
speed operating point.

Fig. 6. Wind turbine TSR operating points.

Fig. 7. Wind turbine aerodynamic coefficient operating points under diode
rectification and synchronous rectification.

C. Generator-Rectifier efficiency

The Generator-Rectifier efficiency η takes into account all
the losses between Paero and Pdc. Hence, it depends on
the mechanical and electrical operating points. It can be
observed in Fig. 8 that the combination of MPPT control
and synchronous rectification systematically leads to a better
efficiency. Considering the SR, the torque gain Kdc leads
to a slightly better efficiency, which is more remarkable for
high wind speeds. The measurement and modelling of the
individual losses could provide further information about the
reasons of this gain in terms of efficiency.

Fig. 8. Generator-Rectifier subsystem efficiency operating points under diode
rectification and synchronous rectification.

D. Power curves and annual energy production

The power curves are plotted in Fig. 9 for each system
configuration. An estimation of the Annual Energy Production
(AEP) has been calculated from the obtained power curves,
considering a Rayleigh distribution with a mean wind speed
of 5 m/s, which is typical for a small wind turbine site. Only
the wind speeds between 3 and 10 m/s have been taken into
account in the AEP calculation, since the furling behavior is
difficult to predict. However, with such a distribution, there is a
96% probability that Vw < 10 m/s which makes the calculation
realistic. The results of the AEP estimation is represented in
Fig. 10 as a bar graph. The ratio to the SR(Kdc) AEP is given
on the top of each bar to help the comparison. The SR(Kaero)
power curve is from 0 to 2% below the SR(Kdc) which leads
to an 1% lower AEP prediction. As for the DR configuration,
the power curves are very dependent on the battery voltage.
In the low wind speed zone (between 4 and 6 m/s), they are
fairly similar to the SR power curve. For high wind speeds,
they differ more from each other. For a high battery voltage
the estimated AEP is 16% lower than for the SR(Kdc) energy
yield while it is even lower (38%) for a low battery voltage.
Interestingly, with a passive DR configuration, a battery that
tends to be in a discharged state will tend to harvest less energy
than a charged battery, at least in the initial stages of charging.



Fig. 9. Wind turbine power curves of the system under diode rectification
and synchronous rectification.

Fig. 10. Prediction of the AEP with a Rayleigh distribution at 5 m/s average
wind speed.

V. CONCLUSION

In this article, synchronous rectification was studied as a
solution to increase the energy yield for battery connected
LMSWTs. First, an analytical expression to determine the
necessary battery voltage for synchronous rectification on the
LMSWT generator was derived. It was found that the battery
voltage for synchronous rectification should be two times
higher than for the passive strategy. Then, the performance
of the LMSWT under synchronous rectification was evaluated
experimentally on a real scale wind turbine emulator under
steady wind conditions. To do so, an optimal torque control
MPPT strategy was implemented and tested with two different
torque gains. One (Kdc) maximizes the overall DC power
output while the other (Kaero) the aerodynamic power. It
results that the difference in the estimated AEP between the
two different gains is about 1%. These results were compared
with the performance of the passive DR configuration. It was
evidenced that for the latter configuration, the AEP estimation

is (16− 38%) lower than for the SR configuration, depending
on the battery voltage.

Taking a step back from these figures, it should be reminded
that even if the wind turbine emulator is real scale setup, the
real performance of the DR could be measured on a wind
turbine test site only. A more accurate energy prediction could
be obtained from dynamic tests on the emulator. Moreover,
to lead a fairer comparison, a generator could be specifically
optimized for active rectification to enable the experiments
on identical battery voltages. Finally, to evaluate if this syn-
chronous rectification strategy is worth the extra complexity
and cost in terms of LCOE, a study over the LMSWT life
cycle should be conducted. These are future perspectives to
this work.
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