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In this article, the grid side converter of a low power on-grid WECS has been investigated where two Pulse

INTRODUCTION

Width Modulation techniques —Space Vector Pulse Width Modulation (SVPWM) and Discontinuous Pulse Width
Modulation (DPWM)- applied to compare switching losses of semiconductors and THD of the system. For this
purpose, SIMULINK/MATLAB simulation was run to calculate the THD of the grid current in inverter operation
at the grid side converter. Also the switching instances of the active elements have been determined and Visual
Basic based program has been used to calculate the switching losses at these instances. The results have shown
that, SVPWM has better THD performance over DPWM at the same switching frequency. However, by carefully
selecting the switching frequency of DPWM higher than that of SVPWM without increasing the switching losses of
DPWM beyond the switching losses of SVPWM, it is possible to find switching frequency values at which DPWM
can have better THD performance.

Key words: Discontinuous Pulse Width Modulation, Switching Loss of Semiconductors, Total Harmonic Distor-
tion, Wind Energy Conversion Systems

Usporedba tehnika modulacije mreZnog pretvaraca u sustavu pretvorbe energije vjetra. U ovom ¢lanku
se istrazuje mreZni pretvara¢ male snage na mreZi WECS. Primijenjene su dvije tehnike modulacije Sirine pulsa
— modulacija Sirine pulsa koriStenjem vektorskog polja (SVPWM) i isprekidana modulacija Sirine pulsa (DPWM)
kako bi se usporedili gubici prilikom prebacivanja poluvodi¢a i THD-a sustava. Iz tog razloga napravljena je
Simulink/Matlab simulacija kako bi se izracunao THD mreZne struje prilikom inverterskog rada mreZnog pret-
varaca. Takoder sluCajevi prebacivanja aktivnih elemenata su ustanovljeni i napisan je program u Visual Basicu
kako bi se izracunao gubitak u tim slucajevima. Rezultati pokazuju da SPWM ima bolje performanse THD-a u
odnosu na DPWM prilikom iste frekvencije prebacivanja. Medutim, paZljivim odabirom vise DPWM frekven-
cije prebacivanja od SVPWM-a te uz izbjegavanje povecanja gubitaka prebacivanja kod DPWM-a iznad gubitaka
prebacivanja SVPWM-a mogucée je naci frekvenciju prebacivanja kod koje DPWM ima bolje THD performanse.

Kljucne rijeci: Isprekidana modulacija Sirine pulsa, Gubici prebacivanja kod poluvodi¢a, Ukupna harmonijska
distorzija, Sustavi pretvorbe energije vjetra

of conversion to DC or AC electrical energy with an ef-
ficient method. The efficiency increase of on grid WECS

Wind energy has become one of the world’s fastest
growing energy sources due to its clean and renewable na-
ture. Reduced mechanical stress and aerodynamic noise
and controllability to operate at its maximum power coef-
ficient over a wide range of wind speeds to obtain a larger
energy capture from the wind are the main reasons to build
variable speed systems in recent years. Extracting the max-
imum power from the available wind power has become
very important in order to use the available energy as effi-
cient as possible [1-2].

The extracted maximum available power from WECS
is either stored in batteries or flows to the mains by means
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depends on the reduction of the power losses of the cir-
cuit elements such as semiconductors, power inductors etc.
However, the harmonic content of the current flowing to
the utility grid as well as the acoustic noise induced by AC
inductors have to be lowered. In this case, the switching
frequency should be increased to 15 to 20kHz range which
causes increased switching losses [3]. To increase the to-
tal efficiency of the system one can implement different
topologies among the system like 2-Level Voltage Source
Converters (VSC) with a special PWM method or 3-Level
VSC which has the inherent advantages over the former
one. Studies in [4-7] state that 3-Level topologies have
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the advantage of better voltage waveforms, lower total har-
monic distortion, lower power device ratings and lower
dV/dt stress. However, in 3-Level topology the complexity
of the system increases due to higher number of elements
used. Also the neutral point voltage balance should be con-
sidered to satisfy the performance and the reliability of the
system [8].

On the other hand, special PWM methods like DPWM
scheme can help to reduce the switching losses of semicon-
ductors in a two Level VSI [9-10]. The on-grid converters
are expected to be high power density. Besides, the current
flowing to the grid from the converter should create THD
lower than 5% [11]. The selected PWM has also a direct
influence on current harmonic content [8], [12].

In this study, a wind energy conversion system (WECS)
has been considered and the effects of the modulation
scheme on the current harmonics and the switching losses
of IGBTs on the grid side have been investigated. For this
purpose, MATLAB/SIMULINK program has been used to
calculate current harmonics and knowing the switching in-
stances, pulse-by-pulse switching losses of the IGBTs in
the converter have been calculated by a visual basic based
software.

2 MATHEMATIC MODEL OF THE GRID SIDE
CONVERTER

Figure 1. illustrates the converters of the WECS. L type
filter has been used for the grid connection. e,, e, and e,
show the AC source voltages while V,, V3 and V. show
the converter AC terminal voltages. V. is the DC-link bus
voltage. 1i,, 1, and i, are the phase currents. Si, Sy and
S5 denotes the status of each switch on each leg. S; =1 if
Tay;—1 ison, S; =0 if To; on and index i can be equal one of
1,2,3. The voltage equations for each phase can be shown
depending on the status of each switch as follows:

Ldita + Rig +e, = Vdc(Sl - % Z Sz)

L(id—; + Rz:b + ey = Vage(So — %zsi) (D
L dltc + Ri. +e. = Vdc(Sg -3 251)

Fig. 1. WECS with two back to back converters

Due to time variant and nonlinear nature of these equa-
tions, the variables have to be transformed into synchro-
nized rotating frame for easier implementation with the
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following transformation matrices (2) and (3) [13]. Vari-
able x can be taken as current, voltage or any other three
phase variable to be transformed into the synchronized ro-
tating frame.
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3 PULSEWIDTH MODULATION TECHNIQUES

There are two widely applied Pulse-width modula-
tion (PWM) techniques: regular or natural sampled PWM
method and space vector modulation (SVM) method. In
the former method, pulses are generated by comparing ref-
erence voltages with a triangular wave which defines the
switching instances.

SVM is an alternative method for determining switched
pulse widths. By having the degree of freedom for pulse
placement, it can help to achieve harmonic performance
gains. [9-10], [14-19].

3.1 Space Vector Pulse Width Modulation

A three phase converter (Fig 1.), has 8 permissible
switching states, two of which are named as zero states
where outputs shorted to negative or positive DC-link. The
remaining six states can be considered to form stationary
vectors in the a-3 complex plane (Fig 2.). Each stationary
vector is /3 angle apart constructing a hexagon and two
zero vectors are located in the origin. The magnitude of
each six vectors is (2/3)Vdc.

An arbitrary output voltage can be constructed by av-
eraging a number of space vectors within one switching
period. For instance, considering that reference output is
in the first sector (in first /3 sector), the first two active
vectors can be used to calculate the durations to build the
reference output voltage (Fig. 3).

_ _yh ot ot

V_Va+%_V1T+V2T+%T (@)
Va

t1 = —T 5

L=y @)
Vi

to = —1T 6

2= 1 (6)

t():T—(tl +t2) @)

t0 is used as the zero vector to fill the remaining gap
for period. Switching losses can be kept minimum by al-
lowing only one turn-on and turn-off during one switching
period (Fig. 4). In order to have minimal harmonics, pulse
pattern is constructed symmetrically to have the zero vec-
tors distributed conveniently between VO and V7 vectors
[13].
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Fig. 2. Space Vector diagram of a two level inverter
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Fig. 3. Construction of a reference vector
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Fig. 4. Construction of pulse pattern for minimum har-
monic distortion

3.2 Discontinuous Pulse Width Modulation

The freedom to place the zero space vector to create
different PWM implementations can eliminate switching
instances by either allowing the outputs connected to the
positive or negative DC link for duration of 1/3 switching
period which allows the average switching frequency to
become 2/3 of the actual switching frequency [10].
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These discontinuous pulse width modulation schemes
can be grouped into three types depending on the inter-
vals of the nonswitched segment: DPWM 120, DPWMG60,
DPWM30 (Fig. 5, Fig. 6, Fig. 7).

T
—DPWM 120
—=Reference
---Offset

.
150 201
Angle (deg)

Fig. 5. Construction of DPWM 120

60° discontinuous modulation has the advantage of
centering the nonswitching periods for each phase leg sym-
metrically around the positive and negative peaks of its
fundamental reference voltage. This will lead to mini-
mized switching losses. It is also possible to place each
60° nonswitching period anywhere within the 120° re-
gion where the appropriate phase leg reference voltage is
the maximum/minimum of the three-phase set such that
switching losses for capacitive and inductive loads for a
maximum 30° leading and lagging power factor respec-
tively can be minimized [10], [16-20].

T T
——DPWM 60
—=Reference
——-Offset

Fig. 6. Construction of DPWM 60

4 IMPLEMENTATION OF CONTROL STRAT-
EGY TO CONVERTER OPERATION

4.1 Control Strategy

In order to see the differences between DPWM and
SVPWM on loss performance on the switching devices a
Matlab/Simulink simulations have been done by adopting
direct current control strategy (Fig. 8). For this purpose,
two closed loop PI regulators have been used to control the
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Fig. 7. Construction of DPWM 30

DC-link voltage and the AC side currents (Fig. 9). g-axis
reference signal has been produced from the DC-link Volt-
age controller. Feed-forward decoupling values have been
added to the g-d current controllers in order to form the
reference v4 and v, modulation signals.

lg¥ = (Kp + K; fdt) (Viae * —Vae)
vgk = vy — (Kp + K; [ dt) (ig * —ig) —wLiq  (8)
Vgk = — (Kp + Kifdt) (iq * —iq) + wLig

e

AMEFCOAX—-HZ00 —HZmMmIUIUCO

Fig. 8. Controller for the Grid Side Converter

4.2 Implementation of DPWM60° for Loss Reduc-
tion

Having the nonswitched 60° interval around the vicin-
ity of the maximum value of the current will decrease the
switching losses further due to the occurrence of switching
at lower current values compared with SVPWM.

The phasor diagram of phase voltage (V’), phase cur-
rent (I') and the converter phase-output voltage (V) are
shown in Fig. 10. Due to the filter inductance there is a
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Fig. 9. Block diagram illustration of the controller

phase shift of © degrees between the phase voltage and
the converter phase-out voltage. In order for the reference
voltage to be created at the vicinity of the maximum phase
current, the nonswitched areas have to be shifted © de-
grees (Fig. 11). As a result the nonswitched sectors of
the DPWM occur at the maximum values of the phase cur-
rents.

Figure 12. illustrates the DPWM 60° modulation sig-
nal, Phase voltage and the phase current. As seen, the volt-
age and current are in phase and the non switched 60° in-
tervals of the modulation signal occurred at the vicinity of
the phase current to decrease the switching losses.

Vph

wLl’

A
A

Fig. 10. The phasor diagram of phase voltage (V’), phase
current (I’) and the converter phase-output voltage (V)

Fig. 11. Shifting the reference voltage for © degrees to
have the non switching interval at the vicinity of the maxi-
mum phase current
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5 COMPARISON OF SVPWM AND DPWM SIMU-
LATION RESULTS

For the simulation of the system, 10,5kW power has
been considered. Rectifier operation for the grid con-
verter has been simulated for SVPWM and DPWM. Pa-
rameters of the simulation are as follows: DC-link volt-
age is 700V, line frequency is 50Hz, Line-to-line voltage is
380Vrms, sampling time is 500nsec, DC-link capacitance
is 2200uF. During the simulations, the grid side filter has
been changed from ImH to SmH.

In order to calculate the switching losses of IGBTs,
50A/1200V three phase module has been selected for real
application loss performance reference. The switching en-
ergy of individual IGBTs was calculated by pulse-by-pulse
approach based on the datasheet E,, and E, ; values. For
this purpose, current values were recorded and the corre-
sponding E,,, and E, s energies were calculated depend-
ing on the DC-link voltage. The average switching loss of
any IGBT was calculated by integrating these energy val-
ues over one output current cycle.

N
NS o -
N Modulating ignsl s

N T S
N )
-200- M’“’”"Wmmwwmw“"w s 1
— Phase Current Y S
-300F — - B

- L L 1 1 1 1 1 1 1
0 0002 0004 0006 0008 001 0012 0014 0016 0018 002
time (sec)

Fig. 12. DPWM 60° modulation signal, Phase voltage and
the phase current

Five different switching frequency values along with
five different filter inductance values have been simulated
in each of DPWM and SVPWM simulations. Fig. 13 and
Fig. 14 show the THD values calculated by SIMULINK
for different switching frequencies and corresponding fil-
ter inductance values for DPWM and SVPWM respec-
tively. Fig. 15 shows the comparison of switching losses
of DPWM and SVPWM at switching frequencies where
THD calculations were also made. Since the calculation
results have shown that the differences between the switch-
ing loss values are very low for different inductance values
at the same switching frequency and same PWM scheme,
in Fig. 14, only one inductance value is considered for the
illustration of each PWM scheme switching losses.

Table-1 summarizes the comparison of THD and
switching loss performances of DPWM and SVPWM with
2mH of output filter at selected switching frequencies. As
expected, it is seen that SVPWM has better THD per-
formance over DPWM when same switching frequency
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—-L=1mH = L=2mH -+ L=3mH --L=4mH — L=5mH

Switching Frequency (kHz)

Fig. 13. THD values calculated by SIMULINK for DPWM

values are considered. However, if the switching fre-
quency of SVPWM is fixed and the switching frequency
of DPWM is increased, it is possible that at some switch-
ing frequency values, THD performance of DPWM can get
better than that of SVPWM while DPWM still has better
switching loss performance. For instance, from Table-1,
when DPWM switching frequency is selected as 16kHz
and SVPWM switching frequency is selected as 10kHz,
DPWM has better switching losses performance and THD
advantage over SVPWM.

—-L=1mH -=1=2mH -+ L=3mH --L=4mH — L=5mH

Switching Frequency (kHz)

Fig. 14. THD values calculated by SIMULINK for SVPWM
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Fig. 15. Comparison of switching losses of DPWM and
SVPWM

358



Comparison of Modulation Techniques of a Grid Side Converter in a Wind Energy Conversion System

M. C. Ozkilic, A. H. Obdan, M. H. Sarul

Table 1. DPWM and SVPWM performance comparison
with 2mH output filter inductance

PWM Method
Switching | DPWM SVPWM
frequency | Switching Switching

losses per | THD | losses per | THD

IGBT (W) IGBT (W)
8kHz 9.35 8.52% | 17.26 5.76%
10kHz 11.89 6.85% | 21.57 4.61%
12.5kHz 14.73 548% | 26.77 3.70%
16kHz 18.98 4.28% | 34.54 2.92%
20kHz 24.03 3.44% | 43.16 2.42%

6 CONCLUSION

Extracting maximum power in Renewable Energy Sys-
tems is the target for efficient use of the energy sources.
However, the need for an efficient method to let the power
flow to the storage devices or to the grid has also a high im-
portance. In this study, the grid side converter PWM con-
trol scheme has been investigated and the switching losses
occurred in IGBTs created by these two PWM methods
were compared with the help of MATLAB/SIMULINK.
The results have shown that, SVPWM has better THD per-
formance over DPWM at the same switching frequency.
However, by carefully selecting the switching frequency of
DPWM higher than that of SVPWM without increasing the
switching losses of DPWM beyond the switching losses of
SVPWM, it is possible to find switching frequency values
at which DPWM can have better THD performance.
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