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Abstract—This article discusses development and verification
test results of the 6.6-kV 200-kVA transformerless static syn-
chronous compensator (STATCOM). This STATCOM is charac-
terized by the use of a modular multilevel single-delta bridge-cell
(SDBC) converter and silicon carbide metal-oxide-semiconductor
field-effect transistor (MOSFET) modules. The article discusses a
control method for the 6.6-kV system with focus on dc-capacitor
voltage control. The voltage control presented in this article is
different from the ones presented earlier. It consists of intercluster
balancing control and intracluster balancing control. The former,
also known as cluster balancing control, eliminates the requirement
of the separate overall dc-voltage control present in conventional
methods, whereas the latter, also known as individual balancing
control, is replaced with a new technique based on the control
of a dead time of each bridge cell. The article makes a detailed
description of the latter. Experimental results obtained from the
6.6-kV 200-kVA verification test equipment validate the effective-
ness of the control method. Moreover, successful test results confirm
the efficacy of the system for grid-voltage regulation and load
compensation.

Index Terms—DC-capacitor voltage control, grid-voltage
regulation, load compensation, modular multilevel single-delta
bridge-cell (SDBC) converter, static synchronous compensator
(STATCOM).

1. INTRODUCTION

N RECENT years, the family of modular multilevel cascade
I converters has gained significant interest for grid applica-
tions [1], [3]-[12], [14]-[25]. Modular topology of these con-
verters allows direct connection to medium- and high-voltage
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grids without using step-up line-frequency transformers. Fun-
damentally different circuit configurations or members exist in
the family [15]. As for static synchronous compensator (STAT-
COM) applications, however, the most investigated configura-
tions are as follows:

1) single-star bridge-cell (SSBC) converters [1];

2) single-delta bridge-cell (SDBC) converters [5], [16].

The basic circuit unit of both SSBC and SDBC converters is
a single-phase H-bridge converter equipped with a dc capacitor,
which is referred to as a bridge cell. For the same voltage rating,
the SSBC converter, or shortly, SSBC requires fewer bridge
cells than the SDBC converter, or shortly, SDBC. Hence, the
SSBC is the first choice as long as the STATCOM is installed
for controlling only the positive-sequence reactive power. Many
STATCOMs for voltage regulation in utility applications fall into
this category. However, when a STATCOM is required to control
both positive-sequence and negative-sequence reactive powers,
the SDBC is preferred over the SSBC. Some STATCOMs for
flicker compensation in industry applications, for example, elec-
tric arc furnaces [2], [13], fall into this category.

Fuji Electric has developed the 6.6-kV 200-k VA transformer-
less STATCOM based on the SDBC. The STATCOM has been
designed, constructed, and tested as part of a national project in
Japan to demonstrate the feasibility of high-efficiency medium-
voltage transformerless grid converters using silicon carbide
(SiC) devices. The aim of the article is to develop and demon-
strate the 6.6-kV system with focus on dc-capacitor voltage
control.

The dc-capacitor voltage control presented in this article con-
sists of intercluster balancing control and intracluster balancing
control. The intercluster balancing control, also known as cluster
balancing control, is different in structure from conventional
ones [9], [16], [20], [25]. This intercluster balancing control
allows a line frequency zero-sequence current to circulate in the
delta loop of the converter. In addition, it allows an exchange of
an active power with the grid. This capability results in eliminat-
ing the requirement of the separate overall dc-voltage control.
The intracluster balancing control, also known as individual
balancing control, is different in principle from conventional
ones [9]-[11], [20], [25]. It is characterized by a new technique
based on the control of a dead time of each bridge cell [23].
This article provides a detailed explanation of the technique.
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Fig. 1. Circuit configuration of the 6.6-kV 200-kVA transformerless STAT-

COM based on the SDBC converter using SiC-MOSFET modules.

TABLE I
CIRCUIT PARAMETERS OF THE 6.6-KV SYSTEM

Nominal line-to-line rms voltage Vs 6.6 kV
Capacity rating S 200 kVA
Line frequency f 50 Hz
Carrier frequency fo 5 kHz
Equivalent carrier frequency 70 kHz
AC inductor Lac 104 mH (5%)*
Number of bridge cells per phase N 7
DC capacitor C 100 pF

Unit capacitance constant H 15 ms

. Nominal dc voltage Ve 1.7 kV
Bridge cell Nominal output v%)]tage < 942 V
Nominal output current 10 A

Capacity rating 9.5 kVA

“Calculated on a three phase, 6.6-kV, 200-kVA, and 50-Hz base.

Experimental results based on the 6.6-kV system are presented to
validate the dc-capacitor voltage control. Moreover, successful
test results demonstrate that the system has the capability of
controlling both positive-sequence and negative-sequence reac-
tive powers in utility and industry applications.

II. 6.6-kV 200-kVA STATCOM

A. Circuit Configuration

Fig. 1 shows the circuit configuration of the 6.6-kV 200-kVA
STATCOM based on the SDBC converter. Each phase-to-phase
converter consists of a series connection of an ac inductor Lac
and a cluster of seven series-connected bridge cells. Thus, the
three phase-to-phase converters result in being connected in
delta. This configuration allows a zero-sequence current to be
circulated in the delta loop, thus enabling the control of negative-
sequence reactive power [7], [15]-[24]. The STATCOM is
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Fig. 2. General view of a power converter unit in the 6.6-kV system. (a)
the power converter unit, and (b) the 3.3-kV SiC-MOSFET module used in
a bridge-cell arm of the power converter unit.

connected to the 6.6-kV grid without using a line-frequency
transformer.

B. Circuit Parameters

Table I shows the circuit parameters of the 6.6-kV 200-kVA
system. It consists of 21 bridge cells, each of which is rated at
942 V and 9.5 kVA. Each bridge cell is controlled by phase-
shifted unipolar sinusoidal pulsewidth modulation (PWM) with
acarrier frequency f¢ of 5 kHz. The equivalent carrier frequency
is 70 kHz. As aresult, the SDBC converter has a 15-level phase-
to-phase voltage at the ac side. The nominal dc voltage V¢ is
1.7 kV. The dc capacitors and ac inductors are rated at 100 uF
and 104 mH, respectively.

C. Power Converter Unit

Fig. 2 shows a general view of one of the 21 power converter
units. Each unit consists of:

1) abridge cell;

2) aself-fed dc power supply board; and

3) four gate-drive units.

The bridge cell employs four 3.3-kV SiC-MOSFET (metal-
oxide-semiconductor field-effect transistor) modules from Fuji
Electric. The self-fed dc power supply board supplies electric
power from the dc terminals of each bridge cell to four gate-drive
units. The board also includes a dc-voltage detection circuit.

Although silicon (Si) devices with lower switching frequen-
cies are generally used in modular multilevel cascade converters,
the use of high-voltage SiC devices enables to reach a higher grid
voltage with a lower number of bridge cells per phase. Since the
SiC devices can be switched at high frequencies, the harmonic
performance is not sacrificed. Moreover, the lower switching
loss of SiC devices allows to achieve a higher efficiency. The
lower number of bridge cells also results in lower complexity
(for example, in terms of communication), higher reliability, and
potentially lower cost of the system.

D. Verification Test Equipment

Fig. 3 shows a general view of the verification test equipment
rated at 6.6 kV and 200 kVA. Each phase-to-phase cabinet
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Fig. 3.

General view of the 6.6-kV 200-kVA verification test equipment.

is mounted with the seven power converter units. The control
cabinet contains control hardware and sequence circuits.

The control system of the verification test equipment is
comprised of one main (master) control board and four local
(slave) control boards. The main control board consists of a
digital signal processor (DSP), a microcontroller, and multiple
field-programmable gate arrays (FPGAs). Most of the control
programs including a current control, a grid-voltage control,
and the intercluster balancing control as well as the sequence
programs are implemented on it. The local control boards consist
of a DSP and multiple FPGAs each. The proposed intracluster
balancing control and the PWM are implemented on them. Each
of the first three local control boards controls a group of six
power converter units containing two from each cluster, while
the fourth local control board controls a group of the remaining
three power converter units. Assigning one local control board
to a small group of power converter units containing one or
two from each cluster in this way enables easy extension of the
system for building a higher voltage system.

In order to ensure isolation between the main circuit and the
control circuit, optical communication is used between the local
control boards and the dc-voltage detection circuits of the power
converter units. Furthermore, the local control boards send the
PWM signals to the gate-drive units of the power converter units
using optical fiber.

III. CONTROL SYSTEM

Fig. 4 shows the block diagram of the control system of the
verification test equipment. The control system is divided into:

1) current control;

2) grid-voltage control;

3) dc-capacitor voltage control.

A. Current Control

The control system employs a conventional ac current control.
The output signals from the current control are the following
three converter voltage references:

Vi = K1 (i — tuw) + Vsuo (1)
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Uy = K1 (1 — Tow) + Vsow )

Ui*uu =K (quu - Zwu) + Vswu 3)

where K is the gain of proportional (P) controllers, and %;,,,,
1nw»> and ;.. are the converter phase current references. Here,

the voltage and current signals correspond to those in Fig. 1.

B. Grid-Voltage Control

The grid-voltage control regulates the grid voltage Vs to its
nominal voltage. It is based on a proportional-integral (PI) con-
troller. The output signal from this controller is an instantaneous
reactive-current reference given by

iy = KoV Vo) + 2 [V =ve) @

where K5 is a proportional gain and 7' is an integral time
constant of the PI controller, and V¢ is the grid-voltage reference.
The control has the function of adjusting three-phase reactive
currents drawn from the grid to regulate the grid voltage to V.

C. DC-Capacitor Voltage Control

In contrast to a two-level voltage-source converter, a SDBC-
based STATCOM has no common dc capacitor, but multiple
floating dc capacitors, as shown in Fig. 1. The dc-capacitor
voltage control is, therefore, indispensable for stable operation.
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The dc-capacitor voltage control included in the control sys-
tem in Fig. 4 is different from the ones presented earlier, and
is comprised of intercluster balancing control and intracluster
balancing control.

The intercluster balancing control regulates the mean dc volt-
ages in the uv-, vw-, and wu-phase clusters (Vcyv, Vcvw, and
Ucww) at the de voltage command vg,. Here, Ucyw, Dcvw, and
Vo, are given by

7
B 1
Vouw = = D UCjun &)
Jj=1
N 1
VCow = ? Z VCjvw (6)
Jj=1
1 7
Town = > ; VCjuwu @)

The intercluster balancing control presented in this article com-
bines the functions of cluster balancing control and overall
dc-voltage control of conventional dc-capacitor voltage control
methods [9], [16], [20], [25]. Besides being able to circulate a
line frequency zero-sequence current ¢z in the delta loop of the
converter, it is capable of exchanging an active power with the
grid, thus eliminating the requirement of the separate overall
dc-voltage control. The circulating current is given by

1
7;Z - g(iuv + Z.vw + Zwu) (8)

The intracluster balancing control, on the other hand, reg-
ulates the dc voltages of the bridge cells in a cluster (e.g.,
VC1uw ~ VCTuw in uv-phase cluster) at the mean dc voltage in the
cluster (Uc., in this case). This article presents a new technique
for intracluster balancing that is based on the control of a dead
time of each bridge cell [23]. It is explained in detail in the
following section.

IV. INTRACLUSTER BALANCING CONTROL

Conventional methods of intracluster balancing have been
reported in literatures [9], [10], [16], [25]. They all have one
major problem. They require sign information of the converter
phase currents in order to produce balancing voltage references
which are in phase or 180° out of phase of the converter phase
currents, and as such, are sensitive to current detection error. As
a result, they may not work properly at no-load and light-load
conditions. Additional measures may be required to maintain the
balancing at no-load and light-load conditions. Furthermore, it
is reported in [18] that, when using a phase-shifted PWM, the
interaction between voltage and current harmonics results in an
uneven power distribution among the bridge cells. This may
lead to drifting of the dc-capacitor voltages, again especially
at no-load and light-load conditions where the conventional
method of intracluster balancing is not effective.

In contrast, the intracluster balancing control presented in
this article, which is based on the control a dead time of each
bridge cell in a cluster, does not require sign information of
the converter phase currents. As such, it is not sensitive to
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Fig. 5. Four modes of operation that occur in dead times of a bridge cell.
(a) Mode A. (b) Mode B. (c) Mode C. (d) Mode D.

current detection error and works excellently even at no-load
and light-load conditions.

A. Basic Principle

The basic principle of the intracluster balancing control pre-
sented here is based on the fact that increasing the dead time of
a bridge cell results in rise in dc-capacitor voltage of the bridge
cell. Fig. 5 shows four modes of operation that occur during
dead times of a bridge cell: (a) mode A, (b) mode B, (c) mode C,
and (d) mode D. Modes A and B occur during the dead time of
leg UX, whereas modes C and D occur during the dead time of
leg VY. For a current direction from leg VY to leg UX,

1) modes A and D charge the dc capacitor, whereas

2) modes B and C are zero-voltage modes and do not charge

or discharge the dc capacitor.

Fig. 6 shows four main modes of operation each of which
follow a dead time: (a) mode 1, (b) mode 2, (¢) mode 3, and
(d) mode 4. For a current direction from leg VY to leg UX:

1) mode 1 charges the dc capacitor;

2) mode 2 discharges the dc capacitor; and

3) modes 3 and 4 are zero-voltage modes and do not charge

or discharge the dc capacitor.

When the dead time of a bridge cell is increased, the durations
of dead-time modes A through D of Fig. 5 are elongated, whereas
the durations of main modes 1 through 4 of Fig. 6 are shortened.

Table IT summarizes the effects of elongated dead-time modes
and their shortened subsequent main modes on dc-capacitor
voltage. It is seen that the effect, as compared to the one without
dead-time control, is either rise or no change in dc-capacitor
voltage. However, when all the dead-time modes and their
subsequent main modes are considered, the net effect is always
rise in dc-capacitor voltage. That means, the dc-capacitor voltage
of abridge cell rises with increase in dead time of the bridge cell.
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TABLE I
EFFECTS OF ELONGATED DEAD-TIME MODES AND THEIR SHORTENED
SUBSEQUENT MAIN MODES ON DC-CAPACITOR VOLTAGE

Dead-time mode® | Subsequent main mode® Eff?a n b
dc-capacitor voltage
Mode 1 No chan
Mode A (Charge) g
(Charge) Mode 3 Ris
(Zero-voltage) 1s¢
Mode 2 Ri
Mode B (Discharge) 15¢
(Zero-voltage) Mode 4
(Zero-voltage) No change
Mode 2 Ri
Mode C (Discharge) 1€
(Zero-voltage) Mode 3
(Zero-voltage) No change
Mode 1 No ch
Mode D (Charge) 0 Change
(Charge) Mode 4 R
(Zero-voltage) 15¢

“Indications in () assume current direction from leg VY to leg UX.
PEffect is as compared to the one without dead-time control.

For opposite current direction, the indications in parenthesis
(charge, discharge, or zero voltage) as well as the effect in
dc-capacitor voltage (rise or no change) for a set of a dead-time
mode and its subsequent main mode in Table II may vary.
However, for an increase in dead time, the net effect of all
the sets of dead-time modes and their subsequent main modes
will always be rise in dc-capacitor voltage. Note that the rise in
dc-capacitor voltage here is as compared to the one without the
control of dead time.

B. Balancing Mechanism

If the dc-capacitor voltage of a bridge cell in a cluster is,
for example, lower than the mean dc voltage of the cluster, the
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dead time of the bridge cell is increased, which in turn increases
the dc-capacitor voltage. On the other hand, if the dc-capacitor
voltage of the bridge cell is higher than the mean dc voltage of the
cluster, the dead time of the bridge cell is decreased, which in turn
decreases the dc-capacitor voltage. In this way, the dc-capacitor
voltage of a bridge cell is increased or decreased by increasing
or decreasing the dead time of the bridge cell, resulting in the
balancing of dc-capacitor voltages of the bridge cells within a
cluster.

However, there is one major limitation. The dead time of
a bridge cell cannot be less than zero. In fact, in practical
application, the dead time is always some positive value. The
balancing mechanism under this limitation is explained below,
taking uv-phase cluster in Fig. 1 as an example.

Suppose the dc-capacitor voltage of bridge cell uvl in uv-
phase cluster (vc1y.) 1s higher than the mean dc voltage of the
cluster, ¥c4,,. The aforementioned limitation means that if the
dead time of the bridge cell (414, ) is already at its minimum
value, £ g(min), it is not possible to decrease it further. However, in
such case, there will at least be one bridge cell in the cluster with
dc-capacitor voltage lower than v¢,,,,. Suppose there is only one
bridge cell, which has a lower dc-capacitor voltage than Uy,
and it is bridge cell uv2. The intracluster balancing control will
then increase the dead time ¢ 49, of the bridge cell to increase its
dc-capacitor voltage, V2, This will result in a higher mean dc
voltage of the cluster. The intercluster balancing control will then
act immediately to bring down v, to the dc voltage command
v¢. This will, in effect, bring down all the dc-capacitor voltages
(VEe1uw ~ Vo7uw) in the cluster. The result is that v, Will now
be less higher than ¥¢.,,. At the same time, other dc-capacitor
voltages (Vo3uy ~ Vo7ue and possibly vea,,,) in the cluster will
be lower than vy, . The intracluster balancing control will then
increase the dead times (tg2uy ~ tq7ue) Of these bridge cells
to increase their dc-capacitor voltages (voouy ~ Voruy). The
process is repeated until all the dc-capacitor voltages in the wv-
phase cluster are balanced at v, Which itself is regulated
at vg,.

From the abovementioned discussion, it is clear that the
presented intracluster balancing control is dependent on the
functioning of the intercluster balancing control and may ex-
change an amount of active power with the grid to perform
the balancing function. This is one big difference with the
conventional method, where the intracluster balancing control
exchanges no active power with the grid and can perform the bal-
ancing function within a cluster independent of the intercluster
balancing control.

C. Block Diagram

Fig. 7 shows the block diagram of intracluster balancing
control, taking bridge cell uv1 of uv-phase cluster as an example.
It is clear from Fig. 7 that the presented method, as explained
earlier, requires no sign information of the converter phase
current which is in contrast to conventional methods. Moreover,
the output of the control is the dead time of the bridge cell. In
the case of conventional methods, the output of the control is
a balancing voltage reference which is added to the bridge-cell
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voltage reference. Detailed explanation of conventional meth-
ods together with block diagrams could be found in [9], [10],
and [16].

For a particular bridge cell, the PI control calculates the
dead-time offset £4(ofrser) based on the difference between the
dc voltage in that cell (vco14,) and the mean dc-voltage of the
cluster which the cell belongs to (¥¢.). The dead-time offset
is then added to the minimum dead-time ¢j(min) to generate
the dead time t41,, to be used in that bridge cell. Note that
the minimum value of #;(osteer) is limited to zero using a lower
limiter, because £41., is not supposed to be less than ¢ j(min)-

D. Influence on Converter Performance

The dc-voltage imbalance among bridge cells within a cluster
is caused mainly by the differences in power losses among
the bridge cells. Therefore, a narrow variation in dead time is
sufficient to achieve the dc-voltage balancing within the cluster.
Consequently, the influence on the converter performance, for
example in terms of voltage and current total harmonic distortion
(THD), is not significant.

V. TEST CIRCUIT

Fig. 8 shows the test circuit used to verify the performance
of the 6.6-kV STATCOM. Since the industrial system voltage
at the test site was 3.3 kV, a 50-Hz transformer was used to
step up the voltage to 6.6 kV. The leakage impedance of the
transformer was 9.72%." It can be considered as the background
impedance upstream of the 6.6-kV STATCOM, neglecting the

ICalculated on a three phase, 6.6 kV, 200 kVA, and 50-Hz base.
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real background impedance upstream of the primary of the
50-Hz transformer.

The verification test equipment was connected to the test grid
at the point of common coupling (PCC). A three-phase inductor
rated at 180 kVA was also connected at the PCC. A vacuum
circuit breaker made it possible to switch ON or OFF the inductor
during a real test for load compensation.

VI. TEST RESULTS

Figs. 9 to 14 show test results obtained from the 6.6-kV
200-kVA STATCOM. The voltage and current waveforms cor-
respond to those in Figs. 1 and 8.

A. Steady-State Performance

Fig. 9 shows experimental waveforms when the rated positive-
sequence reactive power of 200 kvar was controlled in capacitive
operation. For this test, the grid-voltage control was disabled,
and the load inductor was also switched off. The instantaneous
active- and reactive-power commands, p* and ¢*, were given
as the input commands in Fig. 4. The waveforms of i,,, ¢, and
1y lead those of vgyy, Vsyw and vgy, by 60°, thus indicating
capacitive operation. The THD value of each line current is as
low as 2.5%. The waveform of v, exhibits a multilevel PWM
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Fig. 10. Experimental waveforms when a negative-sequence reactive power
of 100 kvar was controlled.

waveform with a voltage step of 1.7 kV. The dc-voltage control
succeeded in regulating the 21 dc-capacitor voltages to 1.7 kV
without any steady-state error.

Fig. 10 shows experimental waveforms when a negative-
sequence reactive power of 100 kvar was controlled. Although
the waveforms of 4,,, 7, and 7,, have a phase difference of 120°,
they come, not in order of ,,, %,,, and ,,, but in order of 7,,, %,
and ¢,. This fact results in drawing of the negative-sequence
reactive power from the grid. The waveform of i looks a
single-phase 50-Hz sinusoidal one with 5.5 A in rms. This
zero-sequence current was circulating through the delta loop
of the SDBC converter, which made a significant contribu-
tion to capacitor-voltage balancing among the three clusters in
negative-sequence reactive-power control. The uv-phase cluster
dc-capacitor voltages (Vcoiyy ~ Vo7uw) contained no 100-Hz
ripple because the waveform of 7,, concludes that no current
flowed in the uv-phase cluster during this experiment.

B. Transient-State Performance

Fig. 11 shows experimental waveforms with a step change in
positive-sequence reactive-power command from 0 to 200 kvar
in capacitive operation. Due to the excellent current control
performance that relies on an equivalent carrier frequency of
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Fig. 11. Experimental waveforms with a step-change in positive-sequence
reactive power from 0 to 200 kvar in capacitive operation.

70 kHz, the STATCOM experienced an overcurrent of only
120% of the rated current in the transient state. The waveforms
of dc-capacitor voltages showed that the dc voltage fluctuation
was limited to 10% even in the transient state. Since the dc
capacitors were designed to have a dc voltage ripple of 5% at
the rated power in the steady state, the experimental waveforms
shown in Fig. 11 conclude that the STATCOM has satisfactory
transient-state performance.

C. Performance of Intracluster Balancing Control

Fig. 12 shows experimental waveforms demonstrating the
performance of intracluster balancing control. It plays a part
in achieving capacitor-voltage balancing inside each cluster.
Therefore, attention was paid to only the dc-capacitor voltages
of the uv-phase cluster in Fig. 12. Initially, the STATCOM in
inductive operation was controlling a positive-sequence reac-
tive power of 100 kvar with the intracluster balancing control
enabled. At the time of 1.2 s, the intracluster balancing control
was intentionally disabled. This was leading the dc capacitor
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Fig. 12.  Experimental waveforms when the intracluster balancing control
was intentionally disabled and enabled again during the control of a positive-
sequence reactive power of 100 kvar in inductive operation.

voltages in the uv-phase cluster to deviate from its reference
of 1.7 kV. In other words, the dc-capacitor voltage fluctuation
in peak-to-peak was being increased from +£5% to +10%. At
the time of 4.2 s, the intracluster balancing control was enabled
again. Immediately, it started regulating the seven dc-capacitor
voltages to 1.7 kV. The waveforms of Fig. 12 conclude that the
proposed intracluster balancing control, that is characterized by
the control of a dead time of each bridge cell, is effective in
capacitor-voltage balancing in each of the three clusters.

The waveforms of 7,,, 7., 7., as well as that of 7,,,,, 74w, ANd 744,
in Fig. 12 showed a small glitch when the intracluster balancing
control was enabled again. As explained earlier, the proposed
method, in contrast to the conventional method, may cause an
exchange of active power with the grid in order to achieve the
balancing of dc-capacitor voltages in a cluster. The glitch is due
to this exchange of active power with the grid.

D. Grid-Voltage Regulation

Fig. 13 shows experimental waveforms demonstrating
voltage-regulating performance of the STATCOM. Note that
the background system impedance of the test grid was 9.72%.
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Fig. 13.  Experimental waveforms with a step-change in grid-voltage com-
mand from 95% to 100%.

Before this experiment was started, the voltage at the PCC in the
test grid was higher by almost 5% than the nominal voltage of
6.6 kV. Since a voltage command of 95% of the nominal voltage
was given to the STATCOM from the time of 0 to 50 ms, the
STATCOM was in inductive operation at the rated power to
regulate the voltage at the PCC to 6.27 kV (95% of 6.6 kV)
during that period. At the time of 50 ms, the command was step
changed from 95% to 100%. Then, the STATCOM was gradually
adjusting the inductive reactive current from 100% to 50% to
regulate the voltage at the PCC to 6.6 kV in about 100 ms. The
maximum capacitor voltage fluctuation was +5% throughout
this experiment. The experimental waveforms showed that an
appropriate adjustment of an inductive or capacitive reactive
current allows the STATCOM to regulate the grid voltage in a
certain range.

E. Load Compensation

Fig. 14 shows experimental waveforms demonstrating load-
compensating performance of the STATCOM. For this test, the
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Fig. 14.  Experimental waveforms when a three-phase inductive load rated at
180 kVA was switched on during load compensation mode of the STATCOM.

grid-voltage control was disabled. Initially, the load inductor
was disconnected from the test grid, so that the STATCOM
produced no reactive current. However, when the three-phase
inductor was switched ON at the time of 100 ms, the STATCOM
immediately started producing a capacitive reactive current.
With the passage of time, the inrush current caused by the load
settled down, and the STATCOM was able to fully compensate
for the inductive reactive power resulting from the load. Note
that the inrush current forced the grid voltage to drop for a
moment, for example, by about 25% in case of vg,,,,. However,
the waveforms of dc-capacitor voltages showed no strong oscil-
lation, thus demonstrating that the STATCOM can perform load
compensation in a stable manner. Also note that the waveforms
of iy, t,, and 7,, were unbalanced for a period of time after the
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load was switched ON. This is because the waveforms of 7y,
i1y, and i1, which the load was drawing and the converter was
compensating for, were unbalanced for that period of time.

VII. CONCLUSION

This article has discussed a 6.6-kV 200-kVA transformerless
STATCOM based on the modular multilevel SDBC converter
using SiC-MOSFET modules. The STATCOM has been devel-
oped as a verification test equipment for a medium-voltage
transformerless grid converter under a national project in Japan.
This article has discussed a new dc-capacitor voltage control,
consisting of intercluster balancing control, which is different in
structure, and intracluster balancing control, which is different
in principle, from earlier methods. This article has provided a
detailed description of the latter, which is based on the control of
a dead time of each bridge cell. Experimental results obtained
from the verification test equipment have validated the effec-
tiveness of the control method. Moreover, successful test results
have confirmed the capability of the system for the control of
both positive-sequence and negative-sequence reactive powers
in utility and industry applications.
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