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DFIG Wind Power System with a DDPWM
Controlled Matrix Converter

Ji-Heon Lee*, Jong-Kyou Jeong*, Byung-Moon Han', Nam-Sup Choi** and Han-Ju Cha***

Abstract — This paper proposes a new doubly-fed induction generator (DFIG) system using a matrix
converter controlled by direct duty ratio pulse-width modulation (DDPWM) scheme. DDPWM is a recently
proposed carrier based modulation strategy for matrix converters which employs a triangular carrier
and voltage references in a voltage source inverter. By using DDPWM, the matrix converter can directly
and effectively generate rotor voltages following the voltage references within the closed control loop.
The operation of the proposed DFIG system was verified through computer simulation and experimen-
tal works with a hardware simulator of a wind power turbine, which was built using a motor-generator
set with vector drive. The simulation and experimental results confirm that a matrix converter with a
DDPWM modulation scheme can be effectively applied for a DFIG wind power system.

Keywords: Doubly-fed induction generator, Matrix converter, Direct duty ratio pulse-width modulation,

Wind power system

1. Introduction

A doubly-fed induction generator (DFIG) was developed
for a wind power system with a wide variation of wind
speed [1], [2]. The stator of the DFIG is directly connected
to the power grid while its rotor needs to be connected to
the power grid through an ac-ac power converter. The
DFIG can supply the constant frequency power to the grid
without reference to wind speed variation, and can control
the power factor at the connection point [3], [4].

For an ac-ac power converter, indirect topology such as
a back-to-back converter has been widely used to connect
the rotor output to the power grid and for converting the
low frequency ac power into commercial rated frequency
power. However, it is well known that back-to-back con-
verters have relatively high loss due to 2-step power con-
version such as ac-dc and dc-ac, their bulky structure and
maintenance problems due mainly to the dc-link capacitor.
In order to overcome these shortcomings, a direct ac-ac
power converter, especially a matrix converter, which can
directly convert the ac power from one frequency to another,

was considered as a power stage by several researchers [4]-[8].

The performance of the matrix converter is strictly de-
pendent upon the employed pulse-width modulation
(PWM), which will, in turn, dominantly determine the
overall system performance. Because of the complexity of
control of a matrix converter, however, its practical imple-
mentation would be not easy. This might be one of the
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main reasons why some previous research concentrated on
computer simulations to confirm the feasibility of matrix
converter application for a DFIG [4]-[6]. At present, some
literature reports the actual implementation and experimen-
tal results of a DFIG wind power system with a matrix
converter that is controlled by a space vector PWM
(SVPWM) [6], [7]. An SVPWM is, however, far from in-
tuitive and requires complicated lookup tables with previ-
ously initialized and stored switching patterns [9].

In this paper, a simple and easy modulation scheme for a
matrix converter, the so called direct duty ratio PWM
(DDPWM), is applied for the DFIG. When using DDPWM,
there is no need to obtain a complicated modeling of the
matrix converter as in a SVPWM. The DDPWM controlled
matrix converter can directly and effectively generate rotor
voltages following the voltage references, which employs a
triangular carrier and voltage references as in a conven-
tional voltage source inverter. The operation of the pro-
posed DFIG system was verified through both computer si-
mulation and experimental works with a hardware simula-
tor of a wind power turbine built using a motor-generator
set.

2. Control of Matrix Converter

Fig. 1 shows a circuit configuration including a matrix
converter, 3-phase input voltage source, input filter, and
DFIG as a load. The matrix converter offers bidirectional
power transfer as well as input power factor adjustment. It
can directly change the 3-phase ac power to variable volt-
age variable frequency (VVVF) ac power without a dc link
capacitor. The set of bidirectional solid-state switches is the
key element in a matrix converter. These switches are gated
on or off simultaneously in order to synthesize the desired
output voltages.
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Fig. 1. Configuration of 3-phase matrix converter.

The DDPWM scheme offers an effective way to control
a 3-phase matrix converter [10]. For self-completeness, this
paper will address the DDPWM as a basic control law to
produce the desired three-phase output voltages.

Fig. 2 shows a leg configuration, in particular an A-
phase leg, to implement a matrix converter, which can be
considered as a basic module to explain the DDPWM be-
cause the DDPWM was originally developed using the
concept of per-output-phase average over one switching
period. In Fig. 2, MX, MD and MN denote the maximum,
medium and minimum input phase voltages, respectively
as shown in Fig. 3. There are only two cases, either MX-
MD > MD-MN or MX-MD < MD-MN.

Fig. 4 shows switching pattern-I and pattern-II for gen-
erating A-phase output voltage where a triangular carrier is
compared with a duty ratio value, dA.
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SAb - voA @_
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Fig. 2. A leg configuration for a matrix converter.
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Fig. 3. Two cases for determining switching pattern.

During T1, the line-to-line voltage between MX and MN
is used, which is the maximum line-to-line voltage among
three line-to-line input voltages at the sampling instant.
During T2, the second maximum line-to-line voltage that is
the larger one in MX to MD and MD to MN, is used to
obtain the output voltage. If MX-MD > MD-MN, MX to
MD is used during T2 and the resultant switching pattern is
named switching pattern-1. Otherwise, MD to MN is used
during T2, and is named switching pattern-II.

The output phase voltage will be changed from MN—
MX—MD for switching pattern-I and MN—-MX—MD—
MN for switching pattern-II. The four sub-intervals can be
expressed as

T =d nT

A Cas

T =(1—d )nT

A2 A" )
T =(1—d )1— T

A3 )T

T =d (1-a)T

4= 9y -1,

where Ts is the switching frequency and n is defined by n
=T1/Ts which involves the slope of the carrier.

It is found from Fig. 4 that the averaged value of voA,
can be approximated by

_ 1 (T,
Vod :FYJOYVDAd[:

d,(n-MN—n-MD+MD-MX)+MX for pattern-T

d,(MN-n-MX~MD+n-MD)+n-MX —n-MD+MD for pattern-II

(@)

By letting* Vod be equal to*the A-phase output voltage

command, *o4 , that is “o4 =Vod | the duty ratio value, d,,
for the present switching period can be calculated as

MX -v,, .
(X —MD) + m( MD — 32V) if (MX —MD)=(MD - MN)

d= 3

MMX = MD) + (MD = Voa) ¢ (\1y ~ pip) < (MD - MN)
n(MX - MD) +(MD - MN )

The actual gating signals of the bidirectional switches
can be directly generated by considering Fig. 2. If the
switching state of phase “4” is MX (or MD, MN), the out-
put phase “4” is connected to the input phase whose voltage
is MX (or MD, MN).

It should be noted that, when driving the duty ratio value,
d,, in Eq. (3), there was no consideration in the other leg’s
switching state. This means that the multiple output phases
can be separately controlled to follow their references. This
fact results in the modular structure of the DDPWM.
Therefore, it can be concluded that one can easily produce
the duty ratio d,, (x=4,B,C) for each phase in a 3-phase to
3-phase matrix converter with 3-leg (see Fig. 1) as given by
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MX —v, .
(% D)+ n?X/[D—MN) if (MX — MD) > (MD - MN)
7 (X - MDY + (MD - i) 4)

n(MX — MD)+(MD - MN) if (MX —MD)<(MD-MN)

Vor (x=A4,B,C) is the reference output voltages at x-

where
phase.

The input current can be synthesized by modifying n.
Meanwhile, output voltage synthesis will not be disturbed
since # is already included in (2) and (3). Under the condi-
tion of the unit power factor, it can be found that » is de-

termined by
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Fig. 4. Output A-phase voltage synthesis.

Fig. 5 shows an example case for generating the whole
gating signals when MX=v,,, MD=v,,, MN=v,.. In addition,
Fig.5(a) illustrates switching pattern-1 where (MX-
MD)>(MD-MN) while Fig. 5(b) switching pattern-1I where
(MX-MD)<(MD-MN).
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Fig. 5. Gating signal generation in each case of (a) switching
pattern-I (b) switching pattern —II.

3. Proposed DFIG System
3.1 Operational Principle

Fig. 6 shows a system configuration of the DFIG wind
power system with a matrix converter as described in this
paper. The stator windings of the DFIG will be connected
to the power grid through the circuit breaker when the me-
chanical power supplied by the blade is large enough. On
the other hand, the stator windings will be disconnected to
the power grid if the generated mechanical power is not
large enough. The rotor windings are connected to the
power grid through the matrix converter. Other parts in Fig.
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6 are used for control purposes and will be discussed in
detail later.

When the slip is larger than zero or the rotor speed is
lower than the synchronous speed, the blade power is only
transmitted to the grid through the stator and some part of
the blade power is consumed in the rotor. So, the difference
between blade power and rotor power is actually transmit-
ted to the grid. On the other hand, when the slip is smaller
than zero or the rotor speed is higher than the synchronous
speed, the blade power is transferred to the grid through
both the stator and the rotor.
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Fig. 6. Proposed DFIG wind power system.
3.2 System Modeling

Defining the wind speed to be V,;,; and the blade radius
to be Ryjuqe, the blade power Py is described by equation

(6).

1
Bmk:EApV%MCp

(6)

where, A4 is the rotational area of blade, which is expressed
by A=TR? e p is air density which is about 1.225 [kg/m3].

The output power coefficient C, means the ratio of blade
energy to wind energy, which is a function of the tip speed
ratio 7. The tip speed ratio is defined by the ratio of the
blade rotation speed to wind speed.

_ OpiageRojaae (7)
|4

wind

Y7,

where, wpq 1s blade angular velocity.
The torque supplied from the blade to the generator,
Tpiaqes can be described in Eq. (8).

Pblade

blade —

wb/ad(’ (8)

If both stator and rotor windings are in a star connection,
the 3-phase dynamic equations for the stator and rotor can
be changed as in Eq. (9) using d-¢g coordinate transform.

Ve&a = Vrl'gdr +%ﬂgdr —(C()—C()r)ﬂzgqr

(€))

. e . d .
Véqr = Vrléqr +Eﬂgqr +(a)_w,)ﬁvbd!‘

where, the q axis is in the direction of V.

In Eq. (9) the superscript g means the reference system.
g can be replaced by S for a static reference system and by
e for a synchronous reference system. Subscript d and ¢
means d- and g- axis and subscript s and » means stator and
rotor, respectively.

Ve e i A and o, mean voltage, resistance, current,
flux and electrical angular velocity, respectively. @ should
be replaced according to the reference system. For the stat-
ic reference system and for the synchronous reference sys-
tem, w=w,.

The stator and rotor flux of the induction machine are
proportional to the production of impedance and current as
shown in Eq. (10).

lgds = le.gds + Lml.gdr
Fg = Life +1L,i% (10)
Ao =L i%s+Li%

Ky =L % +Li%

where, L,, L, and L, are magnetizing inductance, stator
inductance and rotor inductance, respectively.

The torque of the induction machine means the me-
chanical power generated or consumed, which can be ex-
pressed by Eq. (11) using stator and rotor currents.

= éBg(ﬂgq.\'igdr - ﬂgd.\‘igq’) (1 1)

22 L
The active power and reactive power for the stator are
defined in Equations (12) and (13).
3
P =Eﬂwﬂ%+V%ﬁM (12)

stator

Qstatw‘ = é(I/gqsiga's - ngsig‘]s) (13)

2

The active power and reactive power for the rotor are de-
fined in Equations (14) and (15) with the same approach.

rotor

= %(ngrigdr + ngrigq,-) (14)

Qrotnr = %(ngrigdr - ngrigq)') (15)

The induced stator fluxes determined by (10) can be cal-
culated using the sensed stator currents and the grid voltages.
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These values, 4, and A,’, are then transferred to 1,° and
A4 in a synchronous reference system.

Fig. 7 shows a detailed configuration of the system con-
troller for the proposed DFIG system. It is assumed that the
grid side is assigned to the input side of the matrix con-
verter and the rotor side is assigned to the output side.

The maximum power can be extracted when the 77 has a
maximum value. So, the reference rotor speed a)*,pm at the
maximum power point is expressed in Eq. (16). The actual
rotor speed @,y 1s measured with an encoder and com-
pared with the " »m- The error is passed through the PI
control to generate the ¢ axis current reference i, .

s MW

a)rpm R

blade

i =(a,, -0, )K, +71) (16)

o om ~ Orpm
The d axis current reference idf* can be obtained by
comparing Qsmm, and Qmm,r from the feed forward calcula-
tion. Then i,° and zdre are compared with 7,,° and i, re-
spectively to generate the error signals. These error signals
will be processed by a PI controller. Vq,"* and ¥, will be
processed by d-g inverse transform to generate the refer-
ence 3-phase voltage vii, v and v,c. These reference
voltages are sent to the DDPWM controller to generate the
gate signals for the matrix converter.
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Fig. 7. Controller for the proposed DFIG wind power system.

4. Simulation

Many computer simulations with PSCAD/EMTDC
software were carried out to confirm the operation of the
DFIG and matrix converter with the proposed modulation
scheme. The DFIG wind power system is represented by a
wind turbine model and wound-rotor induction generator,
of which the rotor is connected to the power grid through
the matrix converter operating with the proposed modula-
tion scheme. The controller is represented by a user-defined
model with C language. Table 1 contains the major parame-
ters used in simulations.

Table 1. Parameters for simulation model

Grid voltage (L-L rms value) 220V
Line frequency 60 Hz
Nominal wind speed 12 m/s
Blade length 1.78 m
Generator specification 220V, 3.7kW
Rotor coupling transformer 110:220 (A-Y)
Switching frequency 5kHz
Number of poles 6
C,(max) 0.323

Fig. 8 shows the simulation results. Fig. 8(a) shows the
variation of wind speed, which increases up to 11 m/s from
40 sec to 50 sec and up to 13m/s from 50 sec to 60 sec. The
rotating speed of the rotor, the active powers from the rotor
and stator, active power sent to the grid are shown in
curves, 8(b), 8(c), 8(d), and 8(e), respectively.

It can be shown that the stator power Py, is always
greater than zero, which means the generated active power
flows from the stator to the grid. However, whether the
rotor receives or sends the active power to the grid will
depend on slip. When the rotor speed is lower than the syn-
chronous speed, the stator supplies power to the grid and
the rotor absorbs power from the grid. The difference be-
tween the stator power and rotor power is supplied to the
grid. As shown in the graphs, the rotor power P,y is
smaller than zero while the rotor speed w,,, is below the
synchronous speed. On the contrary, the rotor power P,
will be positive while the rotor speed ®,,, is greater than
the synchronous speed. Finally, it can be verified that the
total power sent to the grid will always be positive.

Fig. 9 shows the simulation results of rotor current, sta-
tor voltage, and rotor power with respect to the rotor speed
®pm- In Fig. 9(a), the frequency of rotor current at
@p,n=900 tpm is about 15 Hz. The magnitude of rotor cur-
rent will be determined by generator torque. It is clear that
the rotor consumes about 400 W of active power from the
grid at ©,,,=900 rpm. In Fig. 9(b), the frequency of rotor
current at @,,,=1200 rpm is almost zero because the slip is
zero. Resultantly, the rotor current implies dc value. How-
ever, the active power is below zero because of generator
loss. In Fig. 9(c), the frequency of rotor current at
@,,n=1400 rpm, is about 10 Hz. The rotor supplies active
power to the grid.
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5. Experiment

A hardware simulator for the wind power system was
built using a squirrel-cage induction motor with a vector
drive and a wound-rotor induction generator with a matrix
converter. The mechanical characteristic of the wind tur-
bine is simulated using a squirrel-cage induction motor
with a vector drive. The DFIG wind power system is simu-
lated using a wound-rotor induction generator and matrix
converter with the proposed modulation scheme. Fig. 10
shows a picture of the wind power simulator built in the lab.
The squirrel-cage induction motor with a vector drive and
the wound-rotor induction generator are built in a test bed. The
matrix converter and DSP controller are built in a separate
panel. The controller for the matrix converter is built with a
32bit Floating-Point DSP, the TMS320VC33.

Table 2 shows the major circuit parameters of the hard-
ware simulator used in the experimental works. A trans-
former rated 110/220V is connected between the input side
of the matrix converter and the grid for voltage matching.

Squirrel-cage NG —rotas
Induction Generato Induction Generatd

Fig. 10. Hardware scaled-model.
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Table 2. Circuit parameters of hardware simulator

Bus voltage (rms L-L) 220V
Frequency 60 Hz
Motor rating 7.5 kW
Motor nominal speed 1750 rpm
Generator rating 3.7kW
Switching frequency 5000 Hz
Transformer 110:220 (A-Y)
Number of poles 6

Fig. 11 shows the experimental results using the scaled
hardware simulator. The stator power, rotor power, rotor current,
and stator voltage were measured in the cases of the rotor
speed of 900 rpm, 1200 rpm, and 1400 rpm, respectively.

Fig. 11(a) shows that when the rotor speed is 900 rpm,
the stator supplies active power to the grid and the rotor
consumes the active power. But the total power obtained
from the blade to the grid is positive. The stator voltage is
maintained the same as the grid voltage and the rotor cur-
rent is of low frequency ac waveform proportional to the slip.

Fig. 11(b) shows that when the rotor speed is 1200 rpm,
the stator sends power to the grid and the rotor active pow-
er is not exactly zero, but a small negative value, which is
due to the generator loss and converter switching loss.
However, the total power received from the blade to the
grid is positive. The stator voltage is maintained the same
as the grid voltage, and the rotor current shows dc value
because the slip is zero.

Fig. 11(c) shows that when the rotor speed is 1400 rpm,
both the stator and rotor send active power to gird. The
stator voltage is maintained the same as the grid voltage
and the rotor current shows low frequency AC waveform
proportional to the slip.
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Fig. 11. Experimental results of hardware scaled-model.

5. Conclusion

In this paper, a simple and effective modulation scheme
for a matrix converter, a so called DDPWM, is applied for
the DFIG wind power system. Compared to the SVPWM
widely used in matrix converters, a DDPWM does not re-
quire a complicated modeling of the matrix converter, which
means that there is no need to previously initialize compli-
cated lookup tables and store switching patterns with a
large amount of memory. The DDPWM controlled matrix
converter can directly and effectively generate the rotor
voltages following the voltage references, which employs a
triangular carrier and such voltage references. The opera-
tion of the proposed DFIG wind power system was verified
through computer simulations with PSCAD/EMTDC soft-
ware. The feasibility of hardware implementation was con-
firmed by experimental works with a hardware simulator
of a DFIG wind power system with real wind data. The
simulation and experimental results confirm that the matrix
converter with the proposed modulation scheme can be
effectively applied for the DFIG wind power system.
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