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Abstract— Power Electronics (PE) converter technology
is a very efficient alternative for medium-voltage and
high-power applications and also for other applications
where high-quality voltages and currents are required.
The main concern of consumers is the quality and
reliability of power supplies at various load centers where
they are located at .Even though the power generation in
most well developed countries is fairly reliable. The
controller can balance individual dc capacitor voltages
when H-bridges run with different switching patterns and
have parameter variations. It has two advantages: 1) the
controller can work well in all operation modes (the
capacitive mode, the inductive mode, and the standby
mode) and 2) the impact of the individual dc voltage
controller on the voltage quality is small. This paper
suggests further improvements in this topology. A
three-phase cascaded H-bridge inverter his control
method uses a discrete-time model of the system to predict
the future value of the current for all voltage vectors, and
selects the vector which minimizes a cost function. In
order to improve the performance, a phase-shifted
carrier based pulse width modulation technique is used. A
mathematical model of the system is derived, based on
which a controller for the scheme is designed. The
effectiveness of the scheme is verified through detailed
simulation study using Matlab/Simulink.

Index Terms— H-bridge inverter, cascaded inverters,
voltage source converter (VSC), Pulse width modulation
(PWM), Distributed Static compensator (D-STATCOM)

[. INTRODUCTION

The Applications to those converters to FACTS
technology such as, static synchronous compensator
(STATCOM) are a flexible ac transmission system device,
which is connected as a shunt to the power system, for
generating or absorbing reactive power [5]. A STATCOM
works in the capacitive mode if it injects reactive power to the
power system. A multipulse converter uses more than one
voltage source converter (VSC), with common dc link,
operating with nearly fundamental switching frequency, and
the output of each module is connected in series through the
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multipulse transformer[7]-[8]. By adjusting the triggering
pulses of different VSCs, specified total harmonic distortion
(THD)[2] of the injected current is achieved with reduced
switching losses as compared to that of single-VSC-based
solution

The distributed static synchronous compensator
(D-STATCOM) is a flexible ac transmission system device,
which is connected as a shunt to the power system, for
generating or absorbing reactive power, improving power
factor, neglecting harmonics coming from load. [5]. Multi
pulse converter uses more than one voltage source converter
(VSC), with common dc link, operating with nearly
fundamental switching frequency, and the output of each
module is connected in series through the multi pulse
transformer. By adjusting the trigger ing pulses of different
VSCs, specified total harmonic distortion (THD) of the
injected current is achieved with reduced switching losses as
compared to that of single-VSC-based solution.

The major drawback of this scheme is the high cost and
complex structure of the bulky multi pulse transformer. The
major drawback of this scheme is the high cost and complex
structure of the bulky multipulse transformer [14]-[15].

Multilevel converter technology is a very efficient
alternative for medium-voltage and high-power applications
and also for other applications where high-quality voltages
and currents are required [1], [2]. The other commonly used
multilevel topology, i.e., cascaded converter topology
[9]-[13], comprises several single-phase H-bridge/full-bridge
converters, with separate dc links. The following are the two
associated problems of this topology:

1) The size of the dc-link capacitor required is high because
the instantaneous power involved with each module varies a
twice the fundamental frequency [14],

2) Regulating voltage across a large number of self supported

dc-link capacitors makes the controller design complex.
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Fig. 1 Open-ended-transformer-based four-level STATCOM
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To address some of the aforementioned limitations in
multilevel ~ converters, a  four-level  open-ended
transformer-based multilevel converter, shown in Fig. 1, is
proposed in [1]. When the multilevel converter is applied to
STATCOM, each of the cascaded H-bridge converters should
be equipped [9] with a galvanically isolated and floating dc
capacitor without any power source or circuit.

This topology uses a reduced number of components (12
controlled switches with [15] anti-parallel diodes) as
compared to the diode clamped topology (18 controlled
switches with anti-parallel diodes plus 18 diodes) [5].
Moreover, in this case, semiconductor switches are arranged
as VSC, which enables easier structural layout and reduced
driver circuit complexity.

Therefore, standard VSC power modules include six
insulated-gate bipolar transistors (IGBTs) and their driver
circuits in one package] can be used instead of discrete
components. Moreover, this topology utilizes cascade
connection of three-phase VSCs, and hence, the size of the
dc-link capacitor is less as compared to that in cascaded
H-bridge multilevel converter. Most power-electronics
technologies, including control skills, are required to convert
the dc into ac power. The open-ended transformer topology
has similar component layout with twin converter topology,
reported in [2]. In the twin converter topology, the dc-link
voltages of both VSCs are maintained equal. Therefore [9],
only three-level operation is achieved. However, in the
open-ended transformer topology, the dc-link voltage of
VSC-2 is regulated to half that of VSC-1. This ensures
four-level operation of the circuit [1]. Therefore, low THD is
achieved with reduced filter requirements as compared [3] to
three-level twin converter topology. The diode-clamped
inverter uses a single dc bus that is subdivided into a number
of voltage levels by a series string of capacitors [1]. A matrix
of semiconductor switches and diodes allows each phase-leg
output to be switched to any of these voltage levels.

A split-capacitor arrangement, used in open-ended
transformer- based circuit requires the voltage balancing of
the two capacitor banks in each VSC. Therefore, a total of
four dc capacitor[20] voltages is to be regulated. This requires
a complex controller and generates third-harmonic and dc
currents.
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Fig. 2 Asymmetric-twin-converter-topology-based STATCOM
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To address this limitation, an asymmetric twin converter
topology is proposed in this paper wherein only two dc links
are used without split-capacitor arrangement, as shown in Fig.
2. Furthermore, the THD of currents supplied to the grid is
reduced by selecting a suitable ratio of dc-link voltages of the
two VSCs.

II. PROPOSED MULTILEVEL CIRCUIT TOPOLOGY

A. Principle of Operation

The proposed asymmetric-twin-converter-based multilevel
topology, comprising two VSCs, is shown in Fig. 2. Low
voltage (LV) windings of the transformer are connected
differentially between two 2-level VSCs such that the voltage
appearing on the LV side is the difference of the output
voltages of two VSCs. High-voltage (HV) windings, arranged
in a star configuration, are connected to the three-phase grid.
Leakage inductances of the transformers act as input filter
inductances of the STATCOM. Both VSCs operate with
separate dc links to produce two-level individual output.
Voltages appearing on the LV windings of the transformer are
written in terms of output voltages of VSCs as
€, Fnlgl-CatgatBpig2
€ =F5151-Bp2g2 T Bg1g2
€, =Fr1g1-CragatEpiga (D

Where e,, e,141, €a22, and e, are the voltages across the
LV winding of phase-a, the pole voltage of VSC-1, the pole
voltage of VSC-2, and the voltage difference between
negative dc-link terminals of the two VSCs, respectively.
Since both VSCs have separate dc links, the sum of the LV
winding phase currents should be zero
ipt+ipti=10 )

Furthermore, the sum of instantaneous values of grid
voltages is equal to zero
ratrgt+ v =10 3)
The sum of the LV winding voltages is given by
g, +6te :&(v,, +ug+vg) - rli, +i +:'J—LM

Nh'l" dt (4)

Where r and L are the resistance and leakage inductance as

measured from the LV side, respectively, and NLV/NHV is

the turn’s ratio. Substituting (2) and (3) into (4) gives

g, tept e, =1 ®)
Substituting LV voltages from (1) in (5) results in

1
Bp1g2 = _E falgl — 9:292}

1
- E{gbigi — Epags }

1
= _E{grl,gl _E"r:g:}- )

Substituting the value of eglg?2 in (1) yields

€ 1 2 =1 —1vy fEalgl — Balg2

€ |=—-| -1 2 —1]| Fsig1 — Frlg2

] 3 g — B

e -1 -1 2 gl cig2 7)

The relation between LV winding voltages and pole
voltages is expressed in (7). Pole voltages depend on the
conduction state of the switches in VSC-1 and VSC-2. A total
of 26 = 64 different combinations of states of the switches are
possible. As discussed in [20], the ratio of dc-link voltages of
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VSCs Vye: Vaer should be equal to 1:0.366 for better
performance. Using this, the voltage space vector plot
corresponding to unique switching states is shown in Fig. 3.
Out of 64 switching states, 49 states produce unique phase
voltages, and 25 voltage steps are viable in the LV-side
voltage.
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Fig. 3 Space vector diagram of 49 unique states in the proposed topology

The line voltages of the LV side e,, e, and e, are
expressed as pole voltages using (1)
€op = €5 — €5 = Fgipt — Eo2g2 — Faigl T Fpag2
Bpe = 85 — € = Ep1g1 — €252 — Ergpt T g2
Brg = 8; — € = €p41 — €257 — a1 T Exagp2 ®)
For v4n = 0.5v4., depending on the state of switches,
voltage waveforms of e, e, and e, has seven different
steps. This is same as the number of steps obtained in the line
voltage of four-level diode clamped multilevel converter. For
Vaez = 0.366vq.1, nine different steps are observed in the line
voltage waveforms, which is the same as that in four-level
diode clamped converter with the capacitor voltage ratio v :
Vaez © Vaes equal to 0.33:0.66:0.33. This makes the proposed
scheme equivalent to a four-level converter.

B. PWM Strategy

LV voltage e, takes one of the 25 values given by (7),
depending on the state of the switches. The switching state is
decided by the modulating waveform and the PWM strategy
used. Selective harmonic elimination method (SHEM), space
vector modulation (SVM), or carrier-based PWM
(CB-PWM) techniques are commonly used for high-power
applications. SHEM is limited in use because of its slow
dynamic response. Realization of SVM for multilevel
converter requires an algorithm for the identification of
sector. The presence of large number of sectors makes the
implementation complex [13].
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Fig. 4 Comparison of modulating and carrier waveforms for PS CB-PWM
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Hence, the use of phase-shifted (PS) CB-PWM is
suggested for the proposed topology. This PWM technique
expects the controller to generate individual modulating
waveforms for each inverter output e,iq1, €101, €cigl> Carg2s
g2, and eqgr. Each modulating waveform is compared with
a carrier waveform to determine the switching state of the
corresponding inverter devices. This is similar to the PS
CB-PWM technique used in H-bridge cascaded converters
[16], [17]. For two H-bridges per phase, the resultant
waveform of ac voltages is the sum of individual converter
voltages. Therefore, carrier waveforms are 180° PS from each
other to cancel the carrier frequency harmonics. However, in
the case of asymmetric twin converter topology, the shift in
carriers is not required because the resultant waveform is the
difference of two ac voltages. Comparison of modulating and
carrier signals for phase-a is shown in Fig. 4.The absence of
low-order harmonics confirms the operation of PWM
technique. Dominant harmonics are present at the sideband of
twice the carrier frequency. Although the sidebands of carrier
frequency are also present, their magnitude is less than that of
twice the carrier frequency.

III. DEVELOPMENT OF THE EQUIVALENT CIRCUIT OF THE
SYSTEM
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Fig. 5 Equivalent circuit diagram of the proposed STATCOM.

For the purpose of analysis, an equivalent circuit of the
proposed STATCOM is derived and is shown in Fig. 5.
Transformer is represented by equivalent series combination
of'inductances, resistances, and voltage sources. To model the
losses in two VSCs, two resistances 7| and r, are placed in
parallel to the two dc links. The governing equations of the

proposed system can be derived as
™y

-0 0 0
ig W, ig wy [ o + 7
HEE Q - 0 i |+ L B +%
e ruy, | e —e:+ Ve
o0 - ©)

where L is defined as wpl/zpye. I, wp, and zbase are the
leakage inductance, base frequency, and base impedance of
STATCOM. All the parameters and variables are expressed
in per-unit (p.u.) system. Equation (9) is transformed into dg,
reference frame, which has been defined in the Appendix. The
system variablie;s in the dq, frame are expressed as follows:
b

s(fd'] N (EEJ-I- ﬂ(“’d:""’d: +V\|
ig) w _Mep JMgS T LN et
L (10)
where iy and i, are the d- and g-axis components of LV-side
currents. e, and e, are the voltage components of VSC-1,

and e, and e, are the voltage components of VSC-2.
Equation (10) interrelates the ac parameters of the
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STATCOM with those of the grid. The dependence between
dc and ac parameters of STATCOM is derived using
instantaneous power balance equations. The following
equation gives the power balance condition between the ac
and dc links of VSC-1:
3

T 5(5'51 ig | &g ia} an

The current flowing through the dc-link capacitor ¢; is
related to the dc-link voltage vq.; as follows:
Ve
"1 (12)
Where C; is defined as 1/(@pC1zpase). Substituting iy
from (11)

Fde1)

3 . .
SVgn = iyl (E(%’i i + e L“-}_TJ (13)
Similarly, the governing equation for VSC-2 is expressed

3 } } 1}'&2
= (o))
=Fdc2 =

Equations (10), (13), and (14) represent the behavior of the
system.

SVgn = wply (5&1 -

as

IV. UNITS MATLAB MODELING AND SIMULATION RESULTS

A.Case 1: Proposed Asymmetric Converter Based High
Power STATCOM
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Fig.6 Matlab/Simulink Model of Asymmetric Converter Based High Power
STATCOM.
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Fig.7 HV-side (grid) phase-a voltage & LV-side phase-a transformer current

As above fig 6 show the Matlab/Simulink Model of
Asymmetric Twin Conversion Based High Power
STATCOM, Fig.7 shows the HV Side Phase A voltage and
LV Side Phase A Transformer Current.

Fig.8 Converter Side Input Voltage

Fig.8 shows the Converter side input voltages, nothing but
primary side voltages to support the converter operations with
Asymmetric Converter.
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Fig.9 FFT Analysis of LV Side Phase A Current

Fig.9 shows the FFT Analysis of LV Side Phase A Current,
we get 13.34%, with Asymmetric Converter.
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Fig.10 FFT Analysis of LV Side Voltage

Fig.10 shows the FFT Analysis of LV Side Voltage, we get
41.64%, with Asymmetric Converter.

B.Case 2: Proposed Asymmetric Converter Based High
Power STATCOM with Reactive Power Control

Fig.11 HV-side (grid) phase-a voltage & LV-side phase-a transformer
current

Fig.11 shows the HV Side Phase A voltage and LV Side
Phase A Transformer Current, with Asymmetric Converter
with reactive power control.

Fig.12 Converter Side Input Voltage

Fig.12 shows the Converter side input voltages, nothing but
primary side voltages to support the converter operations with
Asymmetric Converter with reactive power control.
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C.Case 3: Proposed Asymmetric Converter Based High
Power STATCOM Applied to Induction Machine Drive.

Fig.13 Stator Current, Speed, Electromagnetic Torque

Fig.13 shows the Stator Current, Speed, and
Electromagnetic Torque of Proposed Asymmetric Converter
Based High Power STATCOM Applied to Induction
Machine Drive.

CONCLUSION

Standard VSC power modules (include six insulated-gate
bipolar transistors (IGBTs) and their driver circuits in one
package) can be used instead of discrete components.
Moreover, this topology utilizes cascade connection of
three-phase VSCs, and hence, the size of the dc-link capacitor
is less as compared to that in cascaded H-bridge multilevel
converter. A high-power D-STATCOM based on two 2-level
VSCs is proposed with reactive power control and same
proposed system applied to induction machine drive to check
the performance of the drive, reduced component count,
simpler layout of switches, and reduced capacitance
requirement are the attractive features of the scheme over the
diode clamped and cascaded multilevel converters. In the
proposed topology, only two dc voltages have to be
controlled. A dc-link voltage controller has been proposed to
regulate the dc-link voltages of the two converters by drawing
requisite amount of real power from the utility and by
differentially distributing them between the two converters. A
Matlab/Simulink model of the system is developed to
facilitate the design of the proposed converter; we get better
response and fast response and better THD values, THD
values well within IEEE Standards.
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