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Original scientific paper
The scope of this paper covers the investigations of discontinuous PWM (DPWM) control of the Distribution Static Synchronous Compensator
(D-STATCOM). Various DPWM methods have been widely used in motor drives for controlling the inverter and reducing power losses. With the rising
demand for energy, energy efficiency has currently become an issue of vital importance. As a result, the use of the D-STATCOM in distribution systems is
becoming increasingly common. In this study, DPWM methods were used for the D-STATCOM inner control. For the outer control, phase angle control was
used and PWM methods were adapted to this control algorithm. In addition, conventional continuous PWM (CPWM) methods were applied to the
D-STATCOM for comparison purposes. All simulations were performed in the MATLAB-Simulink software environment. Power losses have a significant
impact on the D-STATCOM,; therefore, a simulation model was developed to calculate the conduction and switching losses in order to investigate the
effectiveness of DPWM methods in reducing the D-STATCOM power losses. Results showed that the utilization of different DPWM methods in the
D-STATCOM was suitable for high modulation indexes. This clearly illustrates that, according to different DPWM methods, a reduction of from 14 % up to
50 % in D-STATCOM switching losses can be achieved. Furthermore, this study proposes the use of CPWM and DPWM methods in low and high modulation
indexes, respectively, according to the requirements of the distribution system.
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Analiza diskontinuiranog PWM kontroliranog D-STATCOM-a u primjenama kompenzacije reaktivne energije

Izvorni znanstveni ¢lanak
U ovom se radu opisuju istrazivanja diskontinuirane PWM (DPWM) kontrole Distribucijskog Statickog Sinkroniziranog Kompenzatora (D-STATCOM).
Razli¢ite su se DPWM metode uveliko koristile u pogonskom sistemu motora za kontrolu invertora i smanjenje gubitaka energije. S pove¢anim potrebama za
energijom, energetska u¢inkovitost postala je pitanje od osnovne vaznosti. Rezultat toga je sve ¢es¢a upotreba D-STATCOM-a u distribucijskim sustavima. U
ovom su radu DPWM metode primijenjene za unutarnju kontrolu D-STATCOM-a. Za vanjsku je kontrolu koriStena kontrola faznog ugla te su PWM metode
prilagodene tom kontrolnom algoritmu. Uz to, na D-STATCOM primijenjene su uobicajene kontinuirane PWM (CPWM) metode u svrhu komparacije. Sve su
simulacije provedene u okruzenju MATLAB-Simulink softvera. Gubitci snage znacajno utje¢u na D-STATCOM te je stoga razvijen simulacijski model za
izraCunavanje gubitaka provodenja i prekidanja u svrhu ispitivanja u¢inkovitosti DPWM metoda u reduciranju gubitaka snage D-STATCOM-a. Rezultati su
pokazali da je primjena raznih DPWM metoda na D-STATCOM-u prikladna za indekse visoke modulacije. To jasno pokazuje da se, u skladu s razli¢itim
DPWM metodama, moze posti¢i smanjenje gubitaka od 14 % do 50 % pri ukljuéivanju/iskljuc¢ivanju D-STATCOMa. Nadalje, u ovom se radu predlazu
primjene metoda CPWM i DPWM kod niskih i visokih indeksa modulacije, prema potrebama distribucijskog sustava.

Kljuéne rijeci: diskontinuirani PWM (DPWM), distribucijski sustavi, D-STATCOM, gubitci snage, kontrola faznog kuta, kontinuirani PWM (CPWM)

1 Introduction
In the literature there are several studies and

The Distribution Static Compensator (D-STATCOM)
is one of the converter-based custom power devices used
for solving the problems of power quality and reactive
power compensation in distribution power systems [1],
[2]. At present, D-STATCOMs are increasingly being
installed and used in distribution systems [2]. Generally,
the power stage of the D-STATCOM consists of voltage
source converters (VSCs), as seen in Fig.1 [1, 3]. The
D-STATCOM generates three phase output voltages
almost in phase with the ac network with which it is
coupled through a coupling inductance [1, 3]. In addition
it requires only a small dc capacitor in its VSC [1].
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Figure 1 General configuration of D-STATCOM

investigations carried out in order to analyse the different
viewpoints of D-STATCOM [2 + 5].

An important part of the total losses of D-STATCOM
are VSC losses [6]. In [1, 4] selective harmonic
elimination method (SHEM) has been wused for
eliminating the two-level VSC harmonics of the
D-STATCOM. The authors stated that switching losses
were reduced by using the SHEM method due to the
decrease of the switching frequency. Furthermore in [5, 6]
SHEM method was applied to a STATCOM for the same
purposes. In [7, 8] phase-shifted SPWM method has been
used for multilevel converter configurations of
STATCOMs. In [9, 10] the space vector PWM (SVPWM)
method has been utilized for different power circuits and
usage fields of STATCOMs, such as wind power. In [11]
three converter structures (diode clamped, cascaded and
hybrid converter) used in STATCOMs have been
investigated against losses and different load conditions.
In that study the SVPWM was used in STATCOMs.
Furthermore, in [12] DPWM methods have been utilized
in active power filters, and the authors of the study
proposed a generalized DPWM strategy that reduced
switching losses up to 46 % as compared to CPWM
methods.

This paper focuses on the utilization of DPWM
methods in D-STATCOMs in order to reduce the
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switching losses and analyse the performance on reactive
power compensation. For this purpose, a simulation
model was developed to calculate the conduction and
switching losses and the results obtained from the
developed losses calculation model were reported. This
model can also be used for calculating the IGBT losses in
power electronics studies of dc-dc converters, multilevel
inverters and rectifiers. In addition to utilizing DPWM
methods, the reactive power compensation characteristic
of the D-STATCOM was also reported in the present
study. It was found that DPWM methods can be used for
D-STATCOMs in high modulation range. Additionally,
switching losses were reduced up to 50 % compared to
CPWM methods.

2 Description and operating principle of D-STATCOM

A STATCOM utilized for a distribution system in a
low to medium rating is called a D-STATCOM [13]. The
D-STATCOM is connected in parallel with the ac system
and composed of a VSC connected with a dc link
capacitor, as seen in Fig. 1. The D-STATCOM is
connected to the ac system by a coupling inductance and a
coupling transformer. The D-STATCOM based on the
implementation in distribution systems can be operated
for the purposes given below [14]:

a) Voltage control at a specific ac bus

b) Reactive power compensation of a specific load

c¢) Reactive power compensation and/or harmonic
compensation of a specific load.

3 Modelling of continuous and discontinuous PWM
algorithms

The PWM methods used in the inner control of the
D-STATCOM were modelled in this section. These
methods can be divided into two groups: continuous and
discontinuous PWM methods.

The most important part of the D-STATCOM is the
VSC. In Fig. 2, a diagram of a classic VSC is displayed
[15]. Various PWM algorithms can be utilized in VSCs,
depending on the desired application. This PWM
algorithm was implemented by two methods: the triangle
intersection method [15] and the direct digital technique
[15, 16].
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Figure 2 Power circuit of a three phase two level VSC

As can be seen in Fig. 2, the zero sequence signal
(Vzss) can be injected to the three reference modulation
waves when utilizing the Vyo potential. When the Vg is
appropriately chosen, the linearity range of the PWM
method can be extended. The Vg5 can enhance the

waveform quality and reduce the switching losses of
VSCs [15].

V5 (001) Ve (101)

Figure 3 Space vector diagram of voltage space vectors

In the direct digital technique, the switching states of
the VSC are calculated for each carrier cycle by using the
space vector theory, as shown in Fig. 3 [15]. In two-level
VSCs there are eight possible switching states; among
these states there are six active and two zero state vectors
(Fig. 3). In the SVPWM technique, by using the space
vector theory seen in Fig. 3, reference voltages (V) are
transformed into a complex reference voltage vector (V*),
asin (1). In Eq. (1) a = d®™ [15].

* 2 * * * * ;
4 :E(Va +a-V, +a%v, )=V 1m -1t (1)

In (1) Vi, is the first sector voltage vector and the V'
voltage rotates with w, angle [15, 17]. The time lengths
of VSC state vectors can be calculated as in Eq. (2) by
using Figs. 3 and 4 [17]:

T, =kTy + T, + T,
T, =koTy +T,, (2)
T = koTp,

where T,, Ti, and T, are the durations of switching pulses
of Sy, S; and Ssswitches, respectively [17]. In Eq. (2) &y is
a factor between 0 < k< 1. It defines the timing of zero
vectors. The SVPWM modulation waves can be obtained
by adding a Vs signal to the reference voltages as in Eq.
(3) [17]. The Vzss signal of SVPWM can be obtained by
using Eq. (4) [17].

sk *

Vabc = Vabc + VZSS’ (3)

Vss=—|1-2ko) ~ kol +1— ko) | )

The DPWM was first developed and proposed by
Depenbrock [18], in 1977. The basic idea underlying the
DPWM method is reduction of the switching number in
every switching cycle. Therefore, one phase is clamped to
positive (+V4/2) or negative (—Vy/2) dc bus for 1/3 of the
switching period. During this time period, modulation is
provided by the other two phases. It can be clearly seen that
there are no switching losses during the corresponding
clamped phase in this time period. Hence, total switching
losses can be reduced, theoretically an average of 33 %, as
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compared to CPWM methods [12, 15, 16, 17, 19, 20].
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Figure 4 VSC switching states for one carrier cycle in SVPWM and
SPWM

Although there are several studies dealing with the
application and investigation of DPWMs in various fields
of power electronics [12, 15, 16, 17, 19, 20], no paper has
been found in the literature that investigates the effects of
DPWM methods on the D-STATCOM. There are many
DPWM algorithms in the literature. According to the
distribution of zero vectors and different shapes of Vzgs
signals, different DPWM modulation waves can be
generated by using the method given in [17]. Using Egs.
(3) and (4), the Vzgs of different DPWM methods can be
obtained by varying the k, factor in Eq. (5) [17].

Vyss = (1= 2kg) = koVmax + (1= koWinin ],

* * * (5)
Vzss = _OrS(Vmax + Vmin) = OrSVmida (kO =0,5).

In Eq. (5) V*max, V*mjn and V*mid are the maximum,
minimum and middle values of the original input reference
voltages [17]. By using Eq. (5) one can obtain modulation
waveforms of DPWM methods in MATLAB-Simulink, as
shown in Fig. 5.
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Figure 5 Modulation waveforms of DPWM methods with voltage
reference and zero sequence signals (M,=0,9)

4  Calculation of switching and conduction losses of
D-STATCOM

The switching losses of a VSC depend on the
D-STATCOM current magnitude and dc link voltage. The
switching energy of VSC switches is divided into turn-on
energy (Eon) and turn-off energy (Eopr) [21]. The
switching energy losses of a VSC switch can be defined as
linear functions of the collector current and the dc link
voltage by Eqgs. (6) and (7) [4, 21]:

1 V.
Eon =E C cC

=Ly,

; (6)

I Cnom VCCnom

Ie  Vec

; 0

Eopp = Eogy - 7 %
Cnom CCnom

where I and V¢ values are the actual D-STATCOM IGBT
collector current and the dc voltage of the IGBT,
respectively [4, 21]. The Icpom and Vecnom values are the
reference values of the IGBT collector current and dc
voltage obtained from the datasheet of IGBTs [22]. The E,,
and E,gvalues are switching energies per pulse. These are
also obtained from the datasheet. For a realistic calculation
of switching and conduction losses, the high-power IGBT
product CM1500HC-66R, which can be used at a medium
voltage level, was selected. The data sheet of this product is
available on the Mitsubishi Corporation web site [22]. The
switching power losses of the D-STATCOM can be
calculated by using Egs. (8) and (9) [4, 21]:

n I V
Fowon = fsw 'Z|:Eon —< 'L} ®)
i=1 ICnom VCCnom
< 1 V.
Feworr = fsw 'Z|:Eoff —<€ L} s ©)
i=1 I Cnom VCCnom

where n and fsy are the number of pulses in the switching
period and switching frequency, respectively [4, 21]. In Fig.
6, one phase leg of a two-level VSC is shown. During
operation, if the D, diode is on, its opposite IGBT S; is off.
Similarly, if S, is on, D, conducts when the S, turns off [21,
23]. It is clear that only one switch is on at any single
switching time.

Vpe (+
S
ty ._, D+
S
to o] D>
Voe (-)

Figure 6 One phase leg of VSC

The switching losses of the diodes (D, and D,) are
reverse recovery losses; actually corresponding to the
turn-off energy loss per pulse and can be calculated as in
Eq. (10) [21, 23]:
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< 1 V.
Fswp :fSW'Z|:Erre'—C'L:|' (10)

i=1 1 Cnom VCCnom

If we normalize the switching losses of the
D-STATCOM under DPWM methods to the switching
losses of the D-STATCOM under CPWM methods, the
switching loss factor (SLF) is obtained. It can be calculated
asin Eq. (11) [12, 15, 19, 20]:

P,
SLF = ~SWDPWM (11)
Fswepwm

It is clear that, depending on the different DPWM
methods, the SLF is varied according to the current phase
angle [12]. The conduction losses of the VSC switches are
calculated as in Eq. (12) [16, 21 = 23]:

n

3|
1 2
Peon = > IVCEJC dr | +12, s Rp |, (12)
i=1 )

where Vg, Icrmss Rp and T are the collector emitter
saturation voltage of the IGBT, the RMS value of the
collector current, the dynamic resistance of the IGBT, and
the switching period, respectively [16, 21 + 23]. In this
study, the Vg and Rp were determined from the datasheet
[22]. The Rp value was calculated for 77 = 125 °C, from the

graphic  of  collector-emitter ~ saturation  voltage
characteristics and, depicted in the datasheet of the IGBT
[22]. The conduction losses of the diodes can be calculated
asin Eq. (13) [21 + 23]:

n |1
1 2
PCOND:F' Z IVEC'IC dt \+1 s - Rop | (13)
i=l1 )

where Vi is the emitter-collector voltage of the diode and
Rpp is the dynamic resistance of the diode that is calculated
from the freewheel diode forward characteristics in the
datasheet [22].

6 The phase angle control method of D-STATCOM

The phase angle control method was used in the outer
control of the D-STATCOM [1]. In this control technique,
the angle J between the system voltage V; and the
D-STATCOM voltage V changes when for accomplishing
the reactive power compensation while the modulation
index is kept constant. Therefore, to control the
D-STATCOM output voltage, the dc link voltage is
permitted to change. The phase angle control scheme of the
D-STATCOM is shown in Fig. 7. To change the amount of
reactive power absorbed or delivered by the D-STATCOM
DC link voltage (Vpc) must be set by the control of J [3]. In
Fig. 7, the phase angle is controlled by the PI controller.

D-STATCOM
AC Grid 6.3/1 kV
(\J @ RS( XS' Aﬁ}
\-L} AMNN—Y YY)
Y
Isabe Vsabe A
-
. A4 Y PWM
abc-dq . e

pulses

transform

SPWM
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DPWM

Iqu
Figure 7 The principle scheme of the phase angle control of the D-STATCOM

As shown in Fig. 7, the reactive power error was
applied to the PI controller. The output of the PI controller
is d, the phase angle of modulation signals. In this scheme,
M;is the modulation index, which is the amplitude of the
modulation signals that is kept constant. Three phase-abc
modulation signals obtained from this scheme were
M; sin(d + 0), M;sin(d + 0 — 2n/3) and M, sin(d + 6 + 27n/3),
respectively [3].

5 Modeling and control of the D-STATCOM System in
Matlab-Simulink

For this study, the D-STATCOM system which is
depicted in Fig. 8 was modeled in a MATLAB-Simulink
environment and shows the single line diagram of the
system. The coupling inductance resistance and the
reactance of the D-STATCOM are Ry and Xy, respectively.
The primary objective of the D-STATCOM in this system
was the reactive power compensation of a P £+ jO (300 kW
+ j250 kvar) load. The power factor of the system without

the D-STATCOM was 0,7682 leading/lagging. The
D-STATCOM was under unity power factor operation. The
general view of the D-STATCOM system in
MATLAB-Simulink is illustrated in Fig. 9.

The obtained IGBT current wave shape is shown in
Fig. 10. As can be seen in these figures, the time intervals ¢
= 0,516 s to t = 0,536 s, in which the D-STATCOM
operation was in a steady state, were selected. The power
losses were calculated for this period of simulation time. In
Fig. 11 and 12, the collector current and IGBT voltage
signals related to the DPWM2 method are shown.

AC Grid 6.3/1kV  Distribution Bus
Ryt Xat
W) AN—YY N
Y-A |
Load

P+JQ D-STATCOM
Figure 8 The D-STATCOM system under study
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Figure 10 The IGBT current signal of S, switch while D-STATCOM is
in capacitive mode of operation (Generating 250 kVAR capacitive
reactive power with SPWM method with M;= 0,94)
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Figure 11 The IGBT current signal of S, switch while D-STATCOM is
in capacitive mode of operation (Generating 250 kVAR capacitive
reactive power with DPWM2 method with M;= 0,94)
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Figure 12 The IGBT voltage signal of S, switch while D-STATCOM is
in capacitive mode of operation with DPWM2

7 The simulation results and discussion

For analysing the performance of DPWM methods on
controlling the D-STATCOM, several simulations were
carried out. In these simulations, first, for the capacitive
and inductive operation of the D-STATCOM, the voltage
and current harmonics of the system, power losses of the
D-STATCOM and dc link voltage were calculated and
analysed for M; = 0,94. Second, by changing the M, and
switching frequency of the D-STATCOM, analyses of the
voltage and current harmonics of the system, power losses
of the D-STATCOM and the dc link voltage were
performed according to the capacitive and inductive
operation modes of the D-STATCOM.

In Fig.13, the variations in reactive power in DB (in
capacitive mode when M;= 0,94) when using the SPWM
method can be seen. In Figs. 14 and 15, the results of
reactive power compensation in DB when using
DPWMMIN and DPWMMAX are illustrated. These
methods have shown good performances in reactive power
compensation in terms of stability. It is clearly shown in
Figs. 16 and 17 that when the modulation index is
increased, the stability of the reactive power compensation
is increased as well while using the DPWM3 method in
capacitive operation mode. Figs. 18 + 21 illustrate the
phase to dc bus midpoint voltage of the D-STATCOM with
M; = 0,94, in capacitive operation mode when using the
DPWMO, DPWMI1, DPWM2 and DPWM3 methods,
respectively. As seen in Figs. 18 + 21, the VSC phase legs
are clamped to the dc bus according to their clamping
degrees in the DPWM methods.

—P1
—at

P1-Q1 (W-Var)
=

o (5]
__S‘l;

~o0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
Time (sec)

Figure 13 Control of reactive power of DB and variation of active
power in DB when SPWM method is used (M;= 0,94)
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Figure 14 Control of reactive power of DB and variation of active
power in DB when DPWMMIN method is used
(in capacitive mode, M;= 0,94)

—P1
—a1

1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

Figure 15 Control of reactive power of DB and variation of active
power in DB when DPWMMAX method is used
(in capacitive mode, M;= 0,94)
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Figure 16 Control of reactive power of DB and variation of active
power in DB when DPWM3 method is used (in capacitive mode, M;= 1)
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Figure 17 Control of reactive power of DB and variation of active
power in DB when DPWM3 method is used
(in capacitive mode, M;= 1,15)
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In Figs. 22 and 23, the modulation waves of DPWM 1
and DPWM3, respectively, are shown against the 1/200 of
D-STATCOM current. In Tab. 1, one can see that the
DPWM3 method was superior to the other DPWM
methods in this system, as the DPWM3 had SLFs of
51,2 % and 49,58 % in capacitive and inductive operation
modes of the D-STATCOM, respectively. This means
that switching losses were reduced by 48,80 % and
50,42 % in capacitive and inductive operation modes,
respectively, when compared to the SPWM method.

Table 1 Investigation of power losses of D-STATCOM against PWM Methods (M;= 0,94, Fsw= 2 kHz)

PWM Method D-STATCOM Power losses (W) SLF (%) Reduction (%)
- Operation Switching Conduction Total SPWM SVPWM SPWM SVPWM

Capacitive 596,4 854,7 1451 - - - -

Inductive 602 852,3 1454 - - - -

Capacitive 5732 827,7 1401 96,10 - 3.9 -

SVPWM Inductive 585,7 842,8 1428 97,29 - 2,71 -
DPWMO Capacitive 462,6 836 1299 72,56 80,70 27,44 19,30
Inductive 403,3 836,8 1240 66,99 68,85 33,11 31,15
DPWMI Capacitive 479,7 767 1247 80,43 83,68 19,57 16,32
Inductive 502,4 824.4 1327 83,45 85,77 16,55 14,23
DPWM2 Capacitive 388.,5 852,9 1241 65,14 67,77 34,86 32,23
Inductive 467,6 848,8 1316 77,67 79,83 22,33 20,17
DPWM3 Capacitive 305,4 877 1182 51,20 53,27 48,80 46,73
Inductive 298,5 843,5 1142 49,58 50,96 50,42 49,04
Capacitive 411,3 821 1232 68,96 71,75 31,04 29,25
DPWMMIN 1 fuctive 4083 838.,6 1247 67,82 69,71 32,18 30,29
WM Capacitive 425 820,5 1245 71,26 74,14 28,74 25,86
bP MAX Inductive 419,9 833,7 1254 69,75 71,69 30,25 28,31
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When the SVPWM was considered, the DPWM3 had
SLFs of 53,27 % and 50,96 % in capacitive and inductive
operation modes of the D-STATCOM, respectively. The
DPWM3 was superior to the other DPWM methods
because the clamping was performed in higher values of
D-STATCOM current than the other DPWM methods, as
seen in Fig. 23. In contrast, the DPWM1 method showed
the worst performance when considering SLF values both
in capacitive and inductive operation modes, since these
were 80,43 % and 83,45 %, respectively. This means
there was a reduction of 19,57 % and 16,55 % in
switching losses in capacitive and inductive operation
mode, respectively, against the SPWM method. When the
SVPWM was considered, the DPWM1 had SLFs of
83,68 % and 85,77 % in capacitive and inductive
operation modes respectively. The DPWMI resulted in
lower reduction than the other DPWM methods because
the clamping was performed in the lower values of the
D-STATCOM current, as seen in Fig. 22. As mentioned
above, switching losses are proportional to switch current
and voltage. The results for the other DPWM methods can
be seen in Tab. 1: DPWMO0, DPWM2, DPWMMIN and
DPWMMAX methods had good performances in terms of
switching loss reduction; approximate values are
obtained.

The SPWM and SVPWM methods exhibited good
performances in DB harmonic current values in both low
and high modulation indexes in the inductive mode of
operation (Fig. 24). Considering the DPWM methods,
harmonic current values are high in low modulation
indexes, as seen in Fig. 24. In high modulation indexes,
especially after M;= 1, they performed well in terms of
harmonic distortion. For M; = 1,155, DPWM3 had a
performance superior to the other PWM methods in terms
of harmonic current values (Fig. 24). A similar statement
can be made for capacitive operation (Fig. 25). In Fig. 26
+ 27, the changing of the harmonic current values of the
D-STATCOM against the changing of the modulation
index is demonstrated: the DPWM3 had lower harmonic
values in both capacitive and inductive operations in the
modulation index of M;=1,155.

In Fig. 28, the switching losses of the D-STATCOM
against the variation of frequency for the PWM methods
are shown for the inductive operation mode. Clearly, if
the frequency is increased, the difference between the
DPWM methods and the CPWM methods increases due
to the reduction of switching losses. Moreover, it can be
seen from Fig. 29 that the DPWM3 is superior to the
other DPWM methods in terms of reduction of total
losses. A reduction of 52,2 % was achieved in total losses
when utilizing DPWM3 in a 10 kHz case. In Fig. 30, the
variations of switching losses of the D-STATCOM
against the variations of frequency for the PWM methods
are given for the capacitive operation mode. Here it is
obvious that the DPWM3 is superior to the other DPWM
methods in terms of reduction of switching losses. A
reduction of 56,8 % in switching losses was achieved
when utilizing the DPWM3 in the 10 kHz case. In Fig. 31,
the variation of total losses of the D-STATCOM against
the variation of frequency for PWM methods for the
capacitive operation mode is shown. A reduction of
48,2 % in total losses was achieved when utilizing the
DPWM3 in the 10 kHz case.
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Figure 24 Changing of harmonic current values of DB against changing
of modulation index for PWM methods
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Figure 26 Harmonic current values of D-STATCOM against changing
of modulation index for PWM methods
(Inductive operation, fsw= 2 kHz)
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Figure 27 Changing of harmonic current values of D-STATCOM
against changing of modulation index for PWM methods (Capacitive
operation, fsw= 2 kHz)

5000
—~ -B-SPWM .
S | esvewm Inductive ég
< 40001 - ppwmo =
B —#-DPWM1 x
2 3000/ ~#- DPWM2 / = —
= -»-ppWM3 | = =
2 5000l &~ DPWMMAX _~ //
= = 'DPWMMIN — —
% T
2 _——
£ 1000 —
& //E
Il
02 3 4 5 6 7 8 9 10
F, (kHz)

Figure 28 Changing of switching losses of D-STATCOM against
changing of frequency for PWM methods
(Inductive operation, M;= 0,94)
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8 Conclusions

In this paper, the use of DPWM methods in the
D-STATCOM was investigated for reactive power
applications. After the results were reported, it was found
that the DPWM3 method was the best in switching losses
reduction compared to the other DPWM methods in the
D-STATCOM. A reduction from 14 % up to 50 % can be
achieved with the utilization of DPWM methods as
compared to CPWM methods. The load power factor is
obviously also an important parameter in choosing the
suitable DPWM method to be utilized in the
D-STATCOMSs. In general, these results indicate that
DPWM methods can be applied to D-STATCOMs for
high modulation indexes, especially after the modulation
index of 1. Furthermore, the results show that current
harmonic distortions obtained in the D-STATCOM for
the low modulation indexes with the utilization of
DPWMMAX and DPWMMIN methods were lower than
the other DPWM methods. As was mentioned earlier,
utilization of these methods results in unequal stress in the
semiconductor switches. Therefore, these two methods
are not usually preferred or are limited in industrial
applications. This paper proposes the utilization of the
SPWM and SVPWM methods for low modulation

indexes, while DPWM methods are recommended for
high modulation indexes. The proper PWM algorithm can
be selected according to the requirements of the
distribution system. It was found that the DPWM3
method seemed especially suitable for the reduction of
switching losses and reactive power compensation in the
D-STATCOM. It was also deduced from the results that
this DPWM3 method demonstrated a good performance
in terms of current harmonic distortion for high
modulation indexes of the D-STATCOM.

9 References

[1] Cetin, A.; Ermis, M. VSC-Based D-STATCOM With
Selective Harmonic Elimination. // IEEE Trans. On Ind.
Applications. 45, 3(2009), pp. 1000-1015.

[2] Du, S., Liu, J. Study on DC Voltage Control for
Chopper-Cell-Based Modular Multilevel Converters in
D-STATCOM Application. / IEEE Trans. On Power
Delivery. 28, 4(2013), pp. 2030-2038.

[3] Coteli, R.; Deniz, E.; Dandil, B.; Tuncer, S.; Ata, F. Phase
Angle Control of Three Level Inverter Based
D-STATCOM Using Neuro-Fuzzy Controller. // Advances
in Electrical and Computer Eng. 12, 1(2012), pp. 77-84.

[4] Cetin, A. Design and Implementation of a Voltage Source
Converter Based STATCOM for Reactive Power
Compensation and Harmonic Filtering, PhD. Thesis, The
Grad. School of METU, Ankara, 2007.

[5] Filizadeh, S.; Gole, A. M. Harmonic Performance Analysis
of an OPWM-Controlled STATCOM in Network
Application. // IEEE Trans. on Power Delivery. 20, 2(2005),
pp. 1001-1008.

[6] Hingorani, N. G.; Gyugyi, L. Understanding FACTS:
concepts and technology of flexible ac transmission
systems. // IEEE Press. New York, 1999.

[71 Sundararaju, K.; Nirmal Kumar A. Control Analysis of
STATCOM with Enhanced Methods for Compensation of
Load Variation. // European Journal of Scientific Research.
53,4(2011), pp. 590-597.

[8] Masdi, H.; Mariun, N.; Bashi, S. M.; Mohamed, A.; Yusuf
S. Construction of a Prototype D-Statcom for Voltage Sag
Mitigation. // European Journal of Scientific Research. 30
1(2009), pp. 112-127.

[91 Shu, Z.; Ding, N.; Chen, J.; Zhu, H.; He, X. Multilevel
SVPWM with DC-Link Capacitor Voltage Balancing
Control for Diode-Clamped Multilevel Converter based
STATCOM. // IEEE Trans. on Ind. Electronics, Issue: 99,
60, 5(2013), pp. 1884-1896.

[10] Sacedifard, M.; Iravani, R.; Pou, J. Control and
DC-capacitor ~ voltage  balancing of a  space
vector-modulated five-level STATCOM. // IET Power
Electronics. 2, 3(2009), pp. 203-215.

[11] Lauttamus, P.; Tuusa, H. Comparison of Five-Level
Voltage-Source Inverter Based STATCOMSs, Power
Conversion Conference / Nagoya, 2007, pp. 659-666.

[12] Asiminoaei, L.; Rodriguez, P.; Blaabjerg, F. Application of
Discontinuous PWM Modulation in Active Power Filters. //
IEEE Trans. on Power Electronics. 23, 4(2008), pp.
1692-1706.

[13] Singh, B.; Saha, R.; Chandra, A.; Al-Haddad, K. Static
synchronous compensators (STATCOM): a review. // IET
Power Electron. 2, 4(2009), pp. 297-324.

[14] Ledwich, G.; Ghosh, A. A flexible D-STATCOM operating
in voltage or current control mode // IEE Proc. Gen. Tran.
Distrib. 149, 2(2002), pp. 215-224.

[15]Hava, A. M.; Kerkman, R. J.; Lipo, T. A. Simple and
Analytical and Graphical Methods for Carrier-Based
PWM-VSI Drives. // IEEE Trans. on Power Electronics. 14,

832

Technical Gazette 21, 4(2014), 825-833



M. M. Ertay, A. Zengin Analiza diskontinuiranog PWM kontroliranog D-STATCOM-a u primjenama kompenzacije reaktivne energije

1(1999), pp. 49-60.

[16] Wu, Y.; Shafi, M. A.; Knight, A. M.; McMahon, R. A.
Comparison of the Effects of Continuous and
Discontinuous PWM Schemes on Power Losses of
Voltage-Sourced Inverters for Induction Motor Drives. //
IEEE Tran. On Power Elec. 26, 1(2011), pp. 182-191.

[17] Blasko, V. Analysis of a hybrid PWM based on modified
space-vector and triangle-comparison methods. // IEEE
Trans. on Industry Appl., 33, 3(1997), pp. 756-764.

[18] Depenbrock, M. Pulse width control of a 3-phase inverter
with non-sinusoidal phase voltages. // IEEE Int.
Semiconductor Power Con. Conf., 1977, pp. 399-403.

[19] Hava, A. M.; Kerkman, R. J; Lipo, T. A. A high
performance generalized discontinuous PWM algorithm. //
IEEE Trans. Ind. Appl. 34, 5(1998), pp. 1059-1071.

[20] Holmes, D. G.; Lipo, T. A. Pulse width Modulation for
power Converters: Principles and Practice, IEEE Series on
Power Eng., John Wiley & Sons, 2003.

[21] Ivakhno, V.; Zamaruiev, V.; Ilina, O. Estimation of
Semiconductor Switching Losses under Hard Switching
using Matlab/Simulink Subsystem. // Electrical, Control
and Commun. Eng. 2, 1(2013), pp. 20-26.

[22] Datasheet of CMI1500HC-66R, Mitsubishi Electric
Corporation, URL://www.mitsubishielectric-mesh.com/
products/pdf/cm1500hc-66r_e.pdf, (10.07.2013).

[23] Oberdorf, M. C. Power Losses And Thermal Modeling Of
A Voltage Source Inverter, Naval Postgraduate School
Monterey, California, Master Thesis, 2006.

Authors’ addresses

M. Mustafa Ertay, PhD Candidate, Research Assistant
Duzce University

Faculty of Technology

Department of Electrical and Electronics Engineering
Konuralp Campus, 81620, Duzce, Turkey

E-mail: mustafaertay@duzce.edu.tr

Ahmet Zengin, Assoc. Prof. Dr.

Sakarya University

Faculty of Technology

Department of Computer Engineering
Esentepe Campus, 54187, Sakarya, Turkey
E-mail: azengin@sakarya.edu.tr

Tehnicki viesnik 21, 4(2014), 825-833 833


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Blasko,%20V..QT.&searchWithin=p_Author_Ids:37351971700&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=28
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=12701
http://www.degruyter.com/view/j/ecce
http://www.degruyter.com/view/j/ecce

	ANALYSIS OF THE DISCONTINUOUS PWM CONTROLLED D-STATCOM FOR REACTIVE POWER COMPENSATION APPLICATIONS
	Analiza diskontinuiranog PWM kontroliranog D-STATCOM-a u primjenama kompenzacije reaktivne energije
	1 Introduction
	2 Description and operating principle of D-STATCOM
	3 Modelling of continuous and discontinuous PWM algorithms
	4 Calculation of switching and conduction losses of D-STATCOM
	6 The phase angle control method of D-STATCOM
	5 Modeling and control of the D-STATCOM System in Matlab-Simulink
	7 The simulation results and discussion
	8 Conclusions
	[1] Çetin, A.; Ermis, M. VSC-Based D-STATCOM With Selective Harmonic Elimination. // IEEE Trans. On Ind. Applications. 45, 3(2009), pp. 1000-1015.
	[2] Du, S., Liu, J. Study on DC Voltage Control for Chopper-Cell-Based Modular Multilevel Converters in D-STATCOM Application. // IEEE Trans. On Power Delivery. 28, 4(2013), pp. 2030-2038.
	[3] Coteli, R.; Deniz, E.; Dandil, B.; Tuncer, S.; Ata, F. Phase Angle Control of Three Level Inverter Based D-STATCOM Using Neuro-Fuzzy Controller. // Advances in Electrical and Computer Eng. 12, 1(2012), pp. 77-84.
	[4] Cetin, A. Design and Implementation of a Voltage Source Converter Based STATCOM for Reactive Power Compensation and Harmonic Filtering, PhD. Thesis, The Grad. School of METU, Ankara, 2007.
	[5] Filizadeh, S.; Gole, A. M. Harmonic Performance Analysis of an OPWM-Controlled STATCOM in Network Application. // IEEE Trans. on Power Delivery. 20, 2(2005), pp. 1001-1008.
	[6] Hingorani, N. G.; Gyugyi, L. Understanding FACTS: concepts and technology of flexible ac transmission systems. // IEEE Press. New York, 1999.
	[7] Sundararaju, K.; Nirmal Kumar A. Control Analysis of STATCOM with Enhanced Methods for Compensation of Load Variation. // European Journal of Scientific Research. 53, 4(2011), pp. 590-597.
	[8] Masdi, H.; Mariun, N.; Bashi, S. M.; Mohamed, A.; Yusuf S. Construction of a Prototype D-Statcom for Voltage Sag Mitigation. // European Journal of Scientific Research. 30 1(2009), pp. 112-127.
	[9] Shu, Z.; Ding, N.; Chen, J.; Zhu, H.; He, X. Multilevel SVPWM with DC-Link Capacitor Voltage Balancing Control for Diode-Clamped Multilevel Converter based STATCOM. // IEEE Trans. on Ind. Electronics, Issue: 99, 60, 5(2013), pp. 1884-1896.
	[10] Saeedifard, M.; Iravani, R.; Pou, J. Control and DC-capacitor voltage balancing of a space vector-modulated five-level STATCOM. // IET Power Electronics. 2, 3(2009), pp. 203-215.
	[11] Lauttamus, P.; Tuusa, H. Comparison of Five-Level Voltage-Source Inverter Based STATCOMs, Power Conversion Conference / Nagoya, 2007, pp. 659-666.
	[12] Asiminoaei, L.; Rodríguez, P.; Blaabjerg, F. Application of Discontinuous PWM Modulation in Active Power Filters. // IEEE Trans. on Power Electronics. 23, 4(2008), pp. 1692-1706.
	[13] Singh, B.; Saha, R.; Chandra, A.; Al-Haddad, K. Static synchronous compensators (STATCOM): a review. // IET Power Electron. 2, 4(2009), pp. 297-324.
	[14] Ledwich, G.; Ghosh, A. A flexible D-STATCOM operating in voltage or current control mode // IEE Proc. Gen. Tran. Distrib. 149, 2(2002), pp. 215-224.
	[15] Hava, A. M.; Kerkman, R. J.; Lipo, T. A. Simple and Analytical and Graphical Methods for Carrier-Based PWM-VSI Drives. // IEEE Trans. on Power Electronics. 14, 1(1999), pp. 49-60.
	[16] Wu, Y.; Shafi, M. A.; Knight, A. M.; McMahon, R. A. Comparison of the Effects of Continuous and Discontinuous PWM Schemes on Power Losses of Voltage-Sourced Inverters for Induction Motor Drives. //  IEEE Tran. On Power Elec. 26, 1(2011), pp. 182-...
	[17] Blasko, V. Analysis of a hybrid PWM based on modified space-vector and triangle-comparison methods. // IEEE Trans. on Industry Appl., 33, 3(1997), pp. 756-764.
	[18] Depenbrock, M. Pulse width control of a 3-phase inverter with non-sinusoidal phase voltages. // IEEE Int. Semiconductor Power Con. Conf., 1977, pp. 399-403.
	[19] Hava, A. M.; Kerkman, R. J.; Lipo, T. A. A high performance generalized discontinuous PWM algorithm. // IEEE Trans. Ind. Appl. 34, 5(1998), pp. 1059-1071.
	[20] Holmes, D. G.; Lipo, T. A. Pulse width Modulation for power Converters: Principles and Practice, IEEE Series on Power Eng., John Wiley & Sons, 2003.
	[21] Ivakhno, V.; Zamaruiev, V.; Ilina, O. Estimation of Semiconductor Switching Losses under Hard Switching using Matlab/Simulink Subsystem. // Electrical, Control and Commun. Eng. 2, 1(2013), pp. 20-26.
	[22] Datasheet of CM1500HC-66R, Mitsubishi Electric Corporation, URL://www.mitsubishielectric-mesh.com/ products/pdf/cm1500hc-66r_e.pdf, (10.07.2013).
	[23] Oberdorf, M. C. Power Losses And Thermal Modeling Of A Voltage Source Inverter, Naval Postgraduate School Monterey, California, Master Thesis, 2006.



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



