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Abstract

This paper presents the development of a hardware simulator for a 3-parallel grid-connected PMSG wind power system.
With the development of permanent magnetic materials in recent years, the capacity of a PMSG based wind turbine system,
which requires a full-scale power converter, has been raised up to a few MW. Since it is limited by the available semiconductor
technology, such large amounts of power cannot be delivered with only one power converter. Hence, a parallel connecting technique
for converters is required to reduce the ratings of the converters. In this paper, a hardware simulator with 3-parallel converters is
described and its control issues are presented as well. Some experimental results are given to illustrate the performance of the
simulator system.
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I. INTRODUCTION

Wind energy is one of the fastest growing renewable energy
sources and its corresponding technologies have been studied
since the 1970s. As a result of the rapid growth of power
electronic technologies, there has been rapid development in
wind power technologies since the 1990s and various wind
turbine concepts have been developed. With the technologi-
cal development of wind generator systems, MW-level wind
generators are being installed nowadays [1].

Wind turbine systems can be classified into three dominant
types. One is a constant speed squirrel-cage induction gen-
erator (SCIG) based wind turbine system as shown in Fig.
1 (a). The second is a variable speed doubly fed induction
generator (DFIG) based wind turbine system and the other
is a variable speed permanent magnet synchronous generator
(PMSG) based wind turbine system as shown in Fig. 1 (b) and
(c), respectively.

Because the SCIG operates only in a narrow range around
the synchronous speed, the SCIG based wind turbine system
is often called a constant speed wind turbine system. This
system is robust, easy to implement and relatively cheap for
mass production. However, the speed and reactive power of
the system is not controllable and an additional gearbox in the
drive train is necessary. As the name of this system implies, it
can generate only over a very narrow range of speed around
the synchronous speed.

The DFIG based wind turbine system utilizes a wound
rotor induction generator (WRIG) and a partial-scale power
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converter on the rotor side. This system can operate in a speed
range of 30% of the synchronous speed and the rating of
the power converter is only 30% of the generator capacity.
This converter can perform reactive power control and has
a smooth grid connection. However, the DFIG based wind
turbine system still requires a gearbox and a slip ring which
requires regular maintenance. Furthermore, since grid fault
conditions can easily destroy a power converter, complicated
control strategies and protection schemes are required [2]–[5].

With the developments in permanent magnetic materials in
recent years, the performance of PMSG based wind turbine
systems have been improved and they are widely used. These
systems require neither slip rings nor an additional power
supply for magnetic field excitation. They can also operate
in a relatively wide range of wind speeds. Therefore, their
efficiency is known to be higher than that of any of the afore-
mentioned wind turbine systems. However, a PMSG based
wind turbine system requires a full-scale power converter
which directly connects the generator to the grid. The rating of
the power converter is usually limited by available semicon-
ductor technology. One effective way of reducing the power
converter’s rating requirement is to connect multiple power
converters in parallel. If three power converters are connected
in parallel, then the capacity of each power converter can be
reduced to one third of the total capacity of the wind turbine
system [6].

In this paper, the development of a hardware simulator
for a 10 kW 3-parallel grid-connected PMSG based wind
turbine system will be described. The wind turbine is modeled
with an induction motor which is controlled by a separate
vector control motor drive. The reference torque signal under
a given wind speed and the measured blade speed is calculated
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Fig. 1. (a) Constant speed SCIG based wind turbine system, (b) variable
speed DFIG based wind turbine system, and (c) variable speed PMSG based

wind turbine system.

and sent from a control board to the motor drive by means
of an analog signal. Three parallel back-to-back converters
which share a dc-link capacitor are used as a full-scale power
converter and an LCL-filter is employed as an output filter.

II. PROPOSED HARDWARE SIMULATOR

The proposed hardware configuration of the simulator for
a 3-parallel grid-connected PMSG wind power system is
shown in Fig. 2. The simulator models a blade and a PMSG
with a motor-generator set (MG-set). A power conversion
module of the simulator includes a 3-parallel generator-side
converter which controls the generator and a 3-parallel grid-
side converter which controls the dc-link voltage and performs
as a grid-connection. An LCL-filter is employed to suppress
the output current ripples effectively. The overall power system
is controlled by a controller unit which is implemented with
a DSP, a FPGA and other peripheral circuits. The ratings of
the simulator are summarized in Table I.

A. Motor-Generator Set

A 15 kW induction motor with a separate induction motor
drive (Yaskawa Varispeed G7) is used to model the mechanical
characteristics of a wind turbine. The supplied torque from the
blade to the PMSG can be calculated with (1) [7].

TABLE I
RATINGS OF THE SIMULATOR SYSTEM

rated generator speed 1500 rpm
rated generator torque 63.66 N·m
rated generator power 10 kW
rated generator voltage 220 Vrms
rated generator current 26.24 Arms
rated current of each leg on generator-side 8.74 Arms
dc-link voltage 600 V
grid voltage 380 Vrms
rated grid current 15.19 Arms
rated current of each leg on grid-side 5.06 Arms
switching frequency 2 kHz

Tblade =
Pblade
ωblade

=
1

2
AρVwind

3 Cp
ωblade

(1)

where, A is the circular area of the blade, ρ is the air density,
Vwind is the velocity of the wind, Cp is the power coefficient,
and ωblade is the rotational speed of the blade. The power
coefficient, Cp, is the value which tells how efficiently a
turbine converts the energy in wind to mechanical energy and
is dependent upon the physical design and the pitch control
of the blade. Therefore, Cp curves vary with the type of the
blade. The Cp curve is a function of the tip speed ratio, λ,
and Fig. 3 shows the Cp curve used in this paper.

λ =
ωbladeRblade

Vwind
(2)

where Rblade is the radius of the blade.
The calculated torque for the turbine is converted into the

corresponding analog signal through the D/A converter in the
control board and sent to the induction motor drive which will
control the torque of the induction motor.

B. Power Converter Modules

The power converter modules are comprised of a 3-parallel
generator-side converter and a 3-parallel grid-side converter.
These converters are connected to a common dc-link capacitor.
As mentioned above, the individual low power converters are
connected in parallel to make up a high power converter. An
intelligent power module (IPM, Mitsubishi PM150RL1A120),
which consists of 7 IGBT switches (6 for converter bridges
and 1 for the braking operation), gate drivers, and protection
circuits, is used as an individual low power converter. The
PWM switching signals from the control board drive each of
the IPMs through the IPM interface board and a fault signal
from the IPMs is sent back to the control board to protect the
system.

Due to the small differences in the characteristic of the
switches and the pulse signal, a small inductor Linner at each
ac side leg is required to prevent a shoot-through as shown in
Fig. 2 [3].

To control the currents of the generator and the grid,
3 current sensors for each side (Ias, Ibs, Ics and Ia, Ib, Ic)
are installed. In addition, to control the zero-sequence cir-
culating current caused by the slight difference between the
inner inductors, 18 current sensors (Iabcs 1, Iabcs 2, Iabcs 3 and
Iabc 1, Iabc 2, Iabc 3) for each parallel branch of both sides are
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Fig. 2. Proposed hardware configuration of the simulator for the 3-parallel grid connected PMSG wind power system.

Fig. 3. Power coefficient curve with respect to the tip speed ratio.

installed. Furthermore, 4 voltage sensors (Vdc, Eab, Ebc, and
Eca) are installed to measure the dc-link voltage and the line-
to-line voltages of the grid. These measured values are used to
control the dc-link voltage and to perform a grid connection.

C. LCL-Filter

In a high power system, the switching frequency of the
converter is usually restricted to between 1 to 3 kHz. This
relatively low switching frequency may cause an increase
in the output current harmonics which can disturb the other
sensitive loads on the same grid. Therefore, the harmonics
generated from the grid-connected converter are restricted by
the standard (IEEE 519-1002) [8].

A proper filter has to be designed to reduce the output
current harmonics to a level which satisfies this standard. An
LCL-filter is one of the best candidates for a high power
system because the inductance required is smaller than that
of L- or LC-filters to achieve the same performance [9]. An
LCL-filter can be constructed in two different configurations,

namely ∆-connected and Y-connected LCL-filters as shown
in Fig. 4.

As can be seen from the single-phase equivalent circuits, the
∆-connected LCL-filters require one-third of the capacitance
when compared to the Y-connected LCL-filters. In other
words, with the same capacitance, the resonance frequency
of the ∆-connected LCL-filters is 1/

√
3 times lower than that

of the Y-connected LCL-filters, which means that a reduction
in the output current harmonics near the switching frequency
is more effective with the ∆-connected LCL-filter.

fres.Y ∼= 1
2π

√
L1+L2

L1L2Cf

fres.∆ ∼= 1
2π

√
L1+L2

3L1L2Cf
.

(3)

However, the ∆-connected LCL-filters require
√

3 times
more rated voltage.

D. Control Board

The simulator is controlled by a controller unit which is
implemented with a DSP (TMS320F28335), a FPGA (Cyclone
III EP3C25Q240C8N) and other peripheral circuits as shown
in Fig 5.

The DSP communicates with a computer through a JTAG
and/or RS232 serial communication. The reference torque for
the induction motor drive is calculated by the DSP with a
mathematical model considering the tip speed ratio and then
it is transferred to the drive by means of an analog signal. The
quadrature encoder pulse (QEP) signal, which represents the
rotational angle of the blade, is fed to the DSP after passing
through a low pass filter to eliminate the noises and then the
speed of the blade is calculated.

To control the power module of the system, the controller
has to be able to drive the 6 IPMs independently, which means
that 36 separate PWM channels are required. Unfortunately,
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Fig. 4. LCL-filters with their single-phase equivalent circuits: (a)
Y-connected and (b) ∆-connected.

Fig. 5. Functional block diagram of the controller unit.

the TMS320F28335 only offers 18 PWM outputs. Hence, an
additional FPGA which communicates with the DSP through a
32-bit data bus is employed. The FPGA receives 36 calculated
switching on-off times from the DSP and produces correspond-
ing PWM signals. The FPGA also provides a synchronizing
signal to the DSP. With this synchronizing signal, the ADC
gets new measured values and the DSP starts a new control
period. Therefore, the control frequency is twice as high as
the switching frequency. Fig. 6 shows an example waveform
of the PWM signal generated by the FPGA. The IPM interface
board is also implemented to provide isolation and to match
the voltage level of the PWM signals since the FPGA produces
positive logic 3.3V PWM signals but the IPM requires negative
logic 15V PWM signals.

As mentioned above, to control the zero-sequence circu-
lating current caused by the slight differences in the sharing
inductors, additional current sensors are required at every inner
leg of the power converters as shown in Fig 2. Therefore, the
total number of ADC channels required is 28 (18 for the inner
currents, 6 for the outer currents, 3 for the grid voltage, and 1
for the dc-link voltage). Unfortunately, the TMS320F28335
offers only 16 ADC channels. Therefore, a separate ADC
extension board is implemented. This extension board provides
40 channels of ADC inputs and performs sample-and-hold at

Fig. 6. Example waveform of the PWM signal generated in the FPGA.

Fig. 7. MPPT operational curves.

the same time that it receives a synchronizing signal from
the FPGA. The analog signals are, then, converted into 12-bit
digital signals and transferred to the DSP.

Other peripheral circuits such as a digital signal output
which controls the magnetic connector on the grid side, a
digital signal input, isolation circuits and protection circuits
are implemented in the control board as well.

III. CONTROL STRATEGIES

For 3-parallel operation of a PMSG system, there are
mainly two different control strategies; One is an inner control
strategy and the other is an outer control strategy. Both of
the control strategies for generator-side converters and grid-
side converters are explained respectively. Furthermore, other
control topics which are indispensable for a PMSG wind
power system will be briefly explained.

A. Generator-side Control

As mentioned in section II.A, the generated power from the
blade is a function of the wind speed and the power coefficient
which is, in turn, a function of the tip speed. A graph of the
generated power according to the wind speed and the rotational
speed of the generator can be seen in Fig. 7.
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Fig. 8. Block diagram of the inner control scheme for the generator-side.

To obtain as much power from the generator as possible,
a generator-side converter has to perform a control which is
called maximum power point tracking (MPPT). MPPT is a
process where, under a certain wind speed, the rotational speed
of a generator is adjusted to a certain value so that the power
from the blade can be at its maximum. For example, assume
that the wind speed is Vwind1 and that the rotational speed is
ω1, so that the power from the blade is P1 at a certain instance.
Now, if the wind speed changes from Vwind1 to Vwind2, then
the rotational speed of blade should be adjusted to ω2 by
controlling the torque of the generator. Many useful MPPT
methods are already available in the literatures [10].

According to the positions of the current sensors and the
number of current controllers, the current control methods for
3-parallel operation in the generator-side can be divided into
two types. One is an inner control and the other is an outer
control. Fig. 8 shows a block diagram of the inner control
scheme for the generator-side.

The inner control scheme requires the measurement of all
the phase currents of each parallel branch. In addition, separate
current controllers are dedicated to each of the branches. The
current controller is realized with a general PI (Proportional-
integral) controller. The main purpose of this control scheme
is to control the current of each branch separately so that the
same amount of current can flow in each of the branches
suppressing the zero-sequence circulating current. The zero-
sequence circulating current which will be modeled math-
ematically in a later section can be easily controlled by
modeling it as an N-axis (neutral-axis) component in each
of the current controllers [11]. However, this method has two
obvious disadvantages since many current sensors are required
and three separate current controllers will raise the burden of
the DSP.

The other control scheme is the outer control scheme whose
block diagram is shown in Fig. 9. This control scheme only
requires measuring the outer currents (Ias, Ibs and Ics) which
actually flow from the generator. Hence, it utilizes only one
current controller. As a result, all the parallel branches share
the same PWM signal, which means that the circulating
current caused by the differences in the switching times among
the parallel branches will not occur. Although this control
scheme is much simpler and alleviates the burden of the DSP,

Fig. 9. Block diagram of the outer control scheme for the generator-side.

Fig. 10. Block diagram of the IP controller.

it still cannot control the circulating current caused by slight
differences in the inner inductors and the characteristic of the
switches. Therefore, an optimal control scheme for 3-parallel
operation should be studied using the proposed simulator in
the future.

B. Grid-side Control

The grid-side converter controls not only the dc-link voltage
but also the power factor to transmit the generated power to the
grid efficiently. A fault ride-through capability is also required
to avoid a significant loss of wind power production in the
event of grid faults.

Before performing a grid connection, the synchronizing
phase angle of the grid should be known. This can be easily
detected by using a phase locked loop (PLL) algorithm. Many
PLL algorithms are already available in the literatures [12].

Unlike the current controller, an IP (Integral-proportional)
controller is utilized to control the dc-link voltage as shown in
Fig. 10. The IP controller does not include zeros in its transfer
function, which means that any overshoot under the influence
of zeros does not appear in an IP controller. Therefore, under
the same overshoot restriction, the IP controller can have much
bigger gains than the PI controller.

The dc-link voltage can be controlled by controlling the
active power entering and exiting the dc-link capacitor. In other
words, if the entering active power is bigger than the exiting
active power, then the dc-link voltage will rise, and vice versa.
Since the q-axis current of the grid-side converter is directly
proportional to the active power, the dc-link voltage can be
controlled by controlling this q-axis current.

The grid-side converter is also made in the form of 3-
parallel to reduce the power ratings of the converter to one
third. Hence, two different control schemes (the inner control
and the outer control) can be applied in a similar way to the
generator-side. Fig. 11 shows a block diagram of the inner
control scheme for the grid-side.

This control scheme requires measuring all of the leg
currents of each parallel branch and separate dedicated current
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Fig. 11. Block diagram of the inner control scheme for the grid-side.

Fig. 12. Block diagram of the outer control scheme for the grid-side.

controllers for each of the branches. Although this control
scheme requires many current sensors and raises the burden
of the DSP calculation, the zero-sequence circulating current,
which can destroy the converter unless it is properly controlled,
can be controlled by modeling it as an N-axis component in
each of the current controllers.

Fig. 12 shows a block diagram of the outer control scheme
for the grid-side. Again, this control scheme is much simpler
and alleviates the burden of the DSP, but it still cannot control
the circulating current.

C. Zero-Sequence Circulating Current in a 3-Parallel System

In this section, the zero-sequence circulating current caused
by different switching among the parallel branches in the inner
control scheme will be modeled mathematically. Let s1x, s2x,
and s3x be the switching functions of converter branch 1,
branch 2 and branch 3, respectively. Also let x = a, b, c
represent each leg of a branch. For example, if s1x = 1, the
upper switch of phase x in branch 1 is on and if s2x = −1,
the lower switch of phase x in branch 2 is on. Assuming that
the inner inductors have the same inductance, L, the following
differential equations can be obtained according to Kirchhoff’s
voltage law.


Ldi1adt + s1a

Vdc
2 = Ldi2adt + s2a

Vdc
2 = Ldi3adt + s3a

Vdc
2

Ldi1bdt + s1b
Vdc
2 = Ldi2bdt + s2b

Vdc
2 = Ldi3bdt + s3b

Vdc
2

Ldi1cdt + s1c
Vdc
2 = Ldi2cdt + s2c

Vdc
2 = Ldi3cdt + s3c

Vdc
2

. (4)

Now, define the zero-sequence circulating currents, i10 and
i20, and the zero-sequence switching functions, s10, s20, and
s30 as:

Fig. 13. Circulating current equivalent circuit of the 3-parallel converters.



i10 = (i1a + i1b + i1c)/3
i20 = −(i3a + i3b + i3c)/3

i20 − i10 = (i2a + i2b + i2c)/3
s10 = (s1a + s1b + s1c)/3
s20 = (s2a + s2b + s2c)/3
s30 = (s3a + s3b + s3c)/3

. (5)

From (4) and (5), the following equation can be obtained
and its equivalent circuit is shown in Fig. 13.


L d
dt (2i10 − i20) = (s20 − s10)Vdc2

L d
dt (2i20 − i20) = (s30 − s20)Vdc2

L d
dt (i10 + i20) = (s30 − s10)Vdc2

. (6)

Therefore, the zero-sequence circulating current during one
switching period is

{
i10 =

∫ T
0

Vdc
6L (s20 + s30 − 2s10)dt

i20 =
∫ T

0
Vdc
6L (2s30 − s10 − s20)dt

. (7)

IV. EXPERIMENTS

The hardware simulator which is introduced in chapter
II has been built and Fig. 14 shows actual pictures of the
system. The simulator consists of a MG-set, a power converter
module, an LCL-filter, and a control board. Table 2 shows the
circuit parameters used for this simulator. Additional damping
resistors are used in the LCL-filter to avoid resonance.

Fig. 15 shows the experimental steady-state waveforms of
the angular speed of the generator, the reference torque, and
the generated power when a 9 m/s wind is applied to the
simulator. The angular speed is about 1150 rpm and the
calculated reference torque is about -45 N ·m considering the
MPPT. With this torque applied to the generator, about 5880
W is generated. The negative values of the torque and the
power mean the generator is operating in a generating-mode.
The outer control schemes are used for both the generator-side
and the grid-side converters in this experiment.

Fig. 16 and Fig. 17 show the waveforms of the phase current
and the line-to-line voltage on the generator-side and the grid-
side, respectively, under the same conditions. Both of the line-
to-line voltages are synthesized with the same dc-link voltage,
600 V , which is controlled by the grid-side converter. The
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Fig. 14. Actual hardware simulator: (a) M-G set, (b) Power converter
modules, (c) LCL-filter, (d) Control unit.

TABLE II
RATINGS OF THE SIMULATOR SYSTEM

Power Converter Linner 2 mH
Module dc-link capacitance 3300 µF

L1 4 mH
LCL-filter L2 4 mH

Cf ∆ 7.5 µF
Rf ∆ 9 Ω

Fig. 15. Experimental waveforms of the angular speed of generator, the
reference torque, and the generated power when the speed of the wind is

9m/s.

sinusoidal currents are flowing on both sides of the converter
at the corresponding frequencies. Fig. 18 shows the waveform
of the phase current filtered by an LCL-filter. It can be seen
that the current harmonics are well suppressed by the LCL-
filter.

Fig. 19 shows the transient-state waveforms of the speed
of the wind, the generated power, the phase current of the
grid, and the dc-link voltage when the speed of the wind is
varied from 4 to 9 m/s with the MPPT control. As the speed
of the wind rises, the amount of torque that is transferred
from the blade to the generator rises. With the MPPT control
mentioned in the previous chapter, the speed of the blade is
controlled to maintain a power coefficient that is as high as
possible. As a result, the generated power is increased from

Fig. 16. Experimental waveforms of the phase current and the line-to-line
voltage in the generator-side.

Fig. 17. Experimental waveforms of the phase current and the line-to-line
voltage in the grid-side.

Fig. 18. Experimental waveforms of the phase current filtered by the
LCL-filter: (top) unfiltered and (bottom) filtered.

3.1 kW to 5.9 kW . The third waveform shows that the grid
current increases as the generated power increases and the
fourth waveform shows that the dc-link voltage is controlled
at 600 V regardless of the amount of power produced.

V. CONCLUSIONS

In this paper, the development of a hardware simulator for
a 3-parallel grid-connected PMSG wind power system was



562 Journal of Power Electronics, Vol. 10, No. 5, September 2010

Fig. 19. Experimental waveforms of the wind speed, the generated power,
the phase current in the grid-side, and the dc-link voltage when the wind

speed is changed from 4 to 9 m/s.

described. The hardware components of the simulator were
described and its control schemes regarding 3-parallel opera-
tion were explained. An actual 10 kW hardware simulator was
built in the laboratory and several experiments were carried
out to verify the operational feasibility of the simulator. The
developed simulator can be utilized to analyze the various
mechanical and electrical characteristics of a 3-parallel grid-
connected PMSG wind power system and to verify optimal
control schemes in future research.
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