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Abstract—Low power wind turbines (LPWT) are an interesting option for distributed generation. Maximum power point
tracking (MPPT) procedures for LPWT are either based on
look-up tables or use an algorithm. This paper proposes an
MPPT algorithm for wind energy analogous to that of the
incremental inductance for solar energy. The Vienna rectifier
is an efficient non-regenerative power converter with only three
switching devices and its use for LPWT can be advantageous. The
permanent magnet synchronous generator (PMSG) is a common
option for LPWT because of its efficiency. This manuscript
explains the sensorless vector control of PMSG using the Vienna
rectifier, which results to be analogous to that of the traditional
full bridge converter for unity power factor. In addition, the
unbalanced voltage in the Vienna rectifier capacitors is derived
from the modulation indexes without requiring an additional
sensor. Hence, the resulting LPWT has low losses by virtue of the
Vienna rectifier, and lower cost and higher reliability by virtue of
the sensorless vector control and unbalance voltage estimation.
Simulation results validate the proposals of the paper.

I. I NTRODUCTION
Low power wind turbines (LPWT) are an interesting option
for distributed generation. In order to extract the maximum
amount of energy, wind turbines require a method for maximum power point tracking (MPPT). MPPT methods for LPWT
are either based on simple look-up tables or use an algorithm
[1] that can adapt to the changing wind turbine characteristics
(aging, presence of ice in the blades, etc).
The Vienna rectifier [2], [3] is a three-phase three-level nonregenerative converter with sinusoidal currents. It only has one
switching device per leg, which results in lower losses. The
Vienna rectifier was originally conceived for telecom rectifiers
but its utilization can be advantageous in wind applications
[4]. The Vienna rectifier can employ hysteresis controllers
[2], [5] or linear controllers using carrier based PWM [6],
[7]. As a three-level converter, the Vienna rectifier requires a
balancing mechanism for the different voltages of the two dclink capacitors. The permanent magnet synchronous generator
(PMSG) is commonly used for LPWT because of its efficiency
and it can be connected directly to the power converter [8].
In addition, estimating the rotor speed [9] without using a
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Fig. 1. Overall system and summary of the proposals presented in the paper.

speed sensor increases the reliability of the system. The main
difficulty is the inaccuracy at speeds close to zero, but LPWT
never operate at such low speeds. There are many sensoless
algorithms proposed in the literature [10]. The algorithm
presented in [9] is based on PLL and is simple to implement.
This paper proposes a MPPT method for wind energy
analogous to the incremental conductance for solar systems.
The manuscript also explains the vector control of PMSG
using a Vienna rectifier, which results to be analogous to that
of the traditional full bridge converter for unity power factor.
The PWM modulation is carried-based for simplicity, and uses
discontinuous carrier for higher modulation index and lower
losses. In order to increase the overall reliability, the number
of sensors employed is reduced. The vector control of PMSG
is sensorless (no speed sensor) and an estimation is used for
the capacitor voltage unbalance. Fig. 1 shows the set-up used
in the manuscript and summarizes the contributions of the
manuscript. Simulation results validate the proposals of the
manuscript.
II. C ONTROL OF A V IENNA RECTIFIER
A. PWM modulation
In the Vienna rectifier, the output terminal voltage depends
on the current direction. When a switch in a branch in Fig.
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Fig. 3. a) Speed estimation for sensorless control based on PLL b) Mechanical
torque estimation and c) MPPT block

1 is on the output voltage at the terminal is clamped to the
neutral point. When the switch is off the output voltage is
clamped to the positive/negative terminal of the dc-link if
current direction in the branch is positive/negative. Without
considering the limited capability for reactive power factor
(±30◦ [5]), the modulation of the Vienna rectifier can be very
similar to that of carrier-based PWM in a two-level/three-level
converter. The calculation of the duty cycle expressed is:
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Fig. 2. Vector control of PMSG using the Vienna rectifier.
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where x = a, b, c is the phase, mx = 2vx /vdc the modulation
index (ratio between the converter voltage vx and half the
DC-link voltage vdc /2), ix is the output current and sgn()
the sign function. The net effect of (1) is that if the signs for
current and voltage are different, the output voltage is clamped
to the neutral point. This will also be used as the saturation
value of the back-calculation procedure of the current control
antiwindup mechanism.
B. Sensorless vector control
The Vienna rectifier will be regulated to have unity power
factor at the output terminals. As the PMSG excitation field
is provided by a permanent magnet, the generator can operate
with a power factor close to unity [11]. The resulting control
of the PMSG is the usual vector control [11] using nested
loops, the dq-currents and the speed as shown in Fig. 2. The
sensorless speed control based on PLL was thoroughly studied
in [9]. The equations for voltage vs and current is are:
disd
+ pp ωm Lq isq = pp ωm λm sin θe
dt
(2a)
disq
vsq − Rs isq − Lq
− pp ωm Ld isd = pp ωm λm cos θe
dt
(2b)
vsd − Rs isd − Ld

with Rs the stator resistance, Ld and Lq the d and q axis
inductances, λm the flux by the permanent magnets, pp the
pole pairs and finally ωm the mechanical speed. The subscripts
d and q stand for direct and quadrature respectively. The angle
error is θe = pp θr − θf with the mechanical angle pp θr and
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Fig. 4. Stator current upon the active damping activation.

the reference frame angle θf . Because the current control is
very fast, the current derivatives can be neglected for the speed
estimator. An estimation of the speed and position of the rotor
flux can be obtained by feeding the angle error θe to a regular
dq-PLL [9]. As unity power factor is intended at the converter
terminals, in the rotor flux reference frame the id reference
should consider the reactive power consumed due to the dqinductances. However, it is more accurate to use a reference
frame aligned with the stator voltage rotating at the very same
mechanical speed. For this aim, only the stator dq-voltages are
fed to the regular dq-PLL, see Fig. 3a. This can also be seen
as using the stator voltage as the reference frame and the dqPLL eliminates the algebraic loop. In this reference frame, the
q-current controls the reactive power at the generator terminals
and the d-current the active power. The reference d-current is
set to zero for unity power factor at the PMSG terminals. The
q-current is regulated to control the speed as the active power
is mostly devoted to vary the mechanical power.
C. Third harmonic injection
Considering the PWM modulation with unity power factor,
the expressions of the regular two-level converter can be used
for the Vienna rectifier. In [12] a generalized expression was
derived for the modulation signals used in the carrier-based
PWM. It consists of a zero sequence m0 added to the original
modulation index mx = 2vx /vdc with x = a, b, c [12]:
m0 = (1 − 2α) − α min(mx ) + (α − 1) max(mx )

(3)

the parameter α is related to the distribution of the zero
state and is 0.5 for the conventional SVM [12]. The zero
sequence can also be the third harmonic m0 = kAx sin(3θ)
with the amplitude Ax = 2v̂x /vdc , and k = 1/6 for maximum
modulation index (very similar to SVM) and k = 1/4
for minimum current THD [13]. For PWM discontinuous
modulation, α = 1 − 0.5[1 + sign[cos 3(ωm t + δ)]] with δ
another parameter, see details in [12]. Discontinuous PWM
[7] reduces losses with one leg remains without commutating
[13], but it results in higher current distortion and is sensitive
to the zero crossings for the Vienna rectifier. The resulting
modulation index mx + m0 should also fulfill the requirement
(1) so that the current and modulation index have the same
sign. The continuous modulations (third harmonic and SVM)
and the discontinuous modulation resulting for δ = −60o with
Ax > 0.666 where found to fulfill condition (1) as shown in
Fig. 4.
III. MPPT BASED ON THE ANALOGY OF INCREMENTAL
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Fig. 5. Flow diagram for the proposed MPPT algorithm

INDUCTANCE

The well-known procedure in solar MPPT known as the
incremental conductance [14] considers separating the power
increment in two terms dP = d(V I) = V dI + IdV so that it
results:

the electrical torque τe and mechanical speed ωm , equivalent
to an observer [15].

dI
dP
=V
+I
dV
dV

Asymmetries in the inverter produce a spurious DC
current in the middle point that may unbalance the DC-link
voltages [16]. A closed loop control that outputs a small
DC component is usually employed to counterbalance this
effect. To obtain the voltage difference ∆vdc = vDCu − vDCl ,
two sensors are necessary. An estimation of the voltage
difference can be obtained from voltage references in Fig.
2. Assuming third harmonic injection proportional to k, the
current controllers will try to cancel the voltage unbalance
by varying the modulation indexes for the positive mph
and negative mnh parts of the voltage reference in order to
produce the required sinusoidal voltage reference:

(4)

The slope of the power-voltage curve is null (dP/dV = 0)
at the maximum power point (dI/dV = −I/V ) for a given
irradiance. The slope of the power-voltage curve is positive
(dP/dV > 0) at the left of the MPP so dI/dV > −I/V
and negative (dP/dV < 0) at the right of the MPP so
dI/dV < −I/V . Compared with the P&O method for solar
power, the incremental conductance method can minimize the
power oscillations around the MPP and identify the right
tracking direction under rapidly varying irradiance levels in
steady state operation [14].
The proposed algorithm considers the analogy between
the electrical and mechanical conservative systems so that
P 7→ Pm , V 7→ ωm , I 7→ τm . Analogously the slope of
the mechanical power-speed curve dPm /dωm = 0 is zero
at the maximum power point dτm /dωm = −τm /ωm for a
given wind speed. Based on the algorithm of the incremental
inductance [14] for solar, Fig. 5 show the flowchart for the
proposed procedure.
The increments in speed ∆ωm should be proportional to the
variation of mechanical power with respect to the speed:

A. Sensorless capacitor balance control

∆ωm

(5)

with K a constant to be tuned manually. The value of ∆ωm
should also have upper and lower limits. The comparison to
zero in the diagram of Fig. 2 should be implemented using
a tolerance |∆ωm | < , with  the tolerance value. Fig. 3b
shows a simple estimation of the mechanical torque τm from

v̂ref (sin θ + k sin 3θ)
vDCu

(6)

mnh =

v̂ref (sin θ + k sin 3θ)
vDCl

(7)

with 2vDCu = vDC +∆vDCu and 2vDCu = vDC −∆vDCu .
Therefore, the full waveform of the modulation index is:


∆Pm
=K
∆ωm

mph =

m=

mph (sin θ + k sin 3θ) for
mnh (sin θ + k sin 3θ) for

0<θ<π
π < θ < 2π

(8)

Calculating the average value of the modulation index, it
results:
1
m̄ =
2π

Z
0

2π

1
mdθ =
π



k
1+
(mph − mph )
3

(9)

TABLE I
PARAMETERS OF THE SET- UP.
Machine side converter
Rated power
Rated ac voltage
Rated frequency
dc link voltage
Sampling frequency
PWM frequency

Sn
Vn
fn
vDC
fs
fsw

2.2 kVA
380 V
60 Hz
200 V
15 kHz
15 kHz

Cf
Lg
Rd

4.7 µF
1.8 mH
6Ω

Ld
Lq
λ
I
pp

1.8 mH
1.8 mH
1.8 T
1.8 N m
4

LC-filter
Capacitor
Inductor
Damping resistor

Fig. 7. Speed response to the step torque variation.
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Fig. 6. Dynamic response to the step change in the speed reference.

Assuming that the unbalance is small ∆vDC /vDC << 1
and using the Taylor expansion the following approximation
in obtained:
1
m̄ =
π
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and the unbalance voltage can be estimated as:

 2
k πvDC
∆vDC = −m̄ 1 +
3 4v̂ref

(10)

Fig. 9. Wind speed and MPP speed tracking with ideal constant wind speed.

(11)

the value of the reference voltage is v̂ref = vd2 + vq2 in the
dq-reference frame.
IV. S IMULATION R ESULTS
Simulations were performed using Matlab/Simulink blocks
and the set-up parameters are shown in Table I. Fig. 6 shows
the step response from 0.5 pu to 0.75 pu in the speed control
reference. The response presents little overshoot as it uses a
prefilter in the reference as explained in [11]. It can be seen
that the speed estimation resulting from feeding the dq-PLL

Fig. 10. Wind speed and MPP speed tracking with realistic wind speed
including turbulence.

Fig. 11. Estimation of the DC-link voltage unbalance according to the
proposed formula.

with only the stator dq-voltages follows the PMSG speed with
accuracy. Figs. 7 and 8 show the magnitude variations when
there is a step increase in the mechanical torque (wind turbine)
from 6 Nm to 8 Nm. The dynamic responses are determined
by the bandwidth of the involved loops (including PLL-based
speed estimation), the overall inertia and the current limit
(electric torque limit). Fig. 8 shows that both mechanical and
electrical torque match each other at the end of the transient.
Fig. 9 shows the MPP tracking using the proposed algorithm.
In order to speed up the simulation, the different nested
controls for the PMSG and PLL estimation were modeled
using approximate first order systems. Assuming an ideal
constant wind speed the proposed algorithm reaches the MPP
with no remnant oscillations, as is observed with the analogous
solar procedure of the incremental conductance. However, in
the presence of the wind turbulence this is no longer the case
as shown in Fig. 10. Finally, Fig. 11 shows the step response in
DC-link unbalance ∆vdc from 0% to 5%. Simulations proved
that using only the zero sequence (third harmonic) for (9)
requires moderate filtering and results in an estimation with
reasonable accuracy and speed.
V. C ONCLUSION
The control of the Vienna rectifier for LPWT with unity
power factor allows using simple carrier-based PWM (continuous and discontinuous). The sensorless vector control uses a
reference frame aligned with the rectifier output voltage. The
wind MPPT analogous to the incremental inductance allows
proper tracking of the maximum power point. The proposed
estimation for the DC-link voltage unbalance results in reasonable accuracy. All of the proposals result in less losses,
lower cost, and higher reliability for the Vienna rectifier-based
LPWT.
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