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Single-Delta Bridge-Cell Converter With Single
Single-Phase Medium-Frequency Transformer
Capable of Active Power Control

Makoto Hagiwara

Abstract—A modular multilevel cascade converter based on
single-delta bridge cells, hereinafter referred to as the single-delta
bridge-cell (SDBC) converter, is a prospective power converter for
a static synchronous compensator intended for voltage regulation
and stability improvement of electric power systems. However,
the SDBC converter cannot exchange nonzero active power with
the three-phase ac mains unless energy storage elements such as
batteries are connected to the dc side of each bridge cell. This
article presents a dc/1¢/3¢ power converter that combines the
SDBC converter with a single-phase converter via a single-phase
medium-frequency transformer with an operating frequency of
150 Hz. It can control the active power of 37% of the rated re-
active power between the dc source and three-phase ac mains, thus
enhancing voltage regulation and stability improvement. The op-
erating principles and control method are first discussed, followed
by a description of experiments using a downscaled 110-V, 5-kVA
model.

Index Terms—Modular multilevel cascade converters,
single-delta bridge-cell (SDBC) converter, static synchronous
compensator (STATCOM).

1. INTRODUCTION

TATIC synchronous compensators (STATCOMs) with a
S power rating greater than several tens of MVA have been im-
plemented for the voltage regulation and stability improvement
of electric power systems [1]—[3]. A modular multilevel cascade
converter based on single-delta bridge cells (SDBC) [4], [5],
hereinafter referred to as the SDBC converter according to
the classification shown in [6], is a prospective transformer-
less converter for STATCOMs owing to its redundancy, fast
controllability, and low harmonic voltages. Fig. 1 shows the
circuit configuration of the conventional SDBC converter for
STATCOMs, where three clusters are connected via a com-
mon coupled inductor. Numerous studies have investigated the
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SDBC converter for STATCOMs with a focus on the control
and modulation methods, low-voltage ride-through capability,
negative-sequence reactive power compensation, and compari-
son with other topologies [7]-[19]. Recently, a STATCOM based
on the SDBC converter for electric power systems has been
implemented in the United States [15].

In general, the SDBC converter cannot exchange nonzero
active power with the three-phase ac mains, and additional
components (e.g., dc sources, circuits, transformers, and so
on) must be used for active power control, which may result
in significant increases in terms of mass, volume, and cost.
This problem is common to other modular multilevel cascade
converter topologies as well. One of the methods to achieve
active power control is to connect energy storage elements such
as photovoltaic (PV) arrays or batteries to the dc side of each
bridge cell. Sochor and Akagi [20], [21] designed and developed
a solar power generation system based on the SDBC converter,
where multiple PV arrays along with an isolated dc—dc converter
are connected to the dc capacitor of each bridge cell. As a result,
nonzero active power can be exchanged between PV arrays
and the three-phase ac mains. However, the control system of
the SDBC converter becomes complex, because it has to take
into account the imbalance of power generation from all the
PV arrays. Furthermore, many high-frequency transformers are


https://orcid.org/0000-0001-6272-0503
mailto:hagiwara@ee.e.titech.ac.jp
mailto:chuman.y.aa@m.titech.ac.jp
mailto:yuki5.kudo@toshiba.co.jp
https://doi.org/10.1109/TPEL.2021.3076163

12516

required for galvanic isolation, which may result in high cost
and low reliability. A similar problem occurs when PV arrays
are replaced with batteries.

The author of this article has proposed a dc/1¢/3¢ power
converter that combines the SDBC converter with a single-
phase converter via a single single-phase medium-frequency
transformer in [22]-[24]. The converter is characterized by a
connection between the three clusters of the SDBC converter
through the secondary windings of the transformer, which are
divided into three equal parts and each cluster is connected to the
corresponding part. The primary windings are connected to the
single-phase converter via an ac inductor, where concentrated
energy storage elements such as batteries are connected to the
dc side. Consequently, dc/1¢/3¢ power conversion and galvanic
isolation can be achieved simultaneously using a single trans-
former and a single dc power source. Furthermore, an existing
SDBC converter can be applied without changing the voltage
and current ratings, where the control method is basically the
same as that of the SDBC converter for STATCOMs except
for some modifications that will be described in Section IV.
The operating principles and control method of the converter
have not been fully discussed in [22]-[24], and no experimental
verification has been reported. The comparison of the dc/1¢/3¢
converter and that presented in [20] and [21] in terms of mass,
volume, and cost is beyond the scope of this article and left for
future work.

It is known that a modular multilevel cascade converter based
on double-star bridge cells [25], which is referred to as the
DSBC converter according to the classification shown in [6], can
also achieve dc/1¢/3¢ power conversion by connecting a single
single-phase medium-frequency transformer to the common dc
link, and applications to electric railways, quick chargers for
electric vehicles, and wind power generation systems have been
reported [26]-[31]. Meanwhile, the number of power devices
required for the DSBC converter is 2/ /3 times that required
for the SDBC converter, assuming that power devices with the
same voltage ratings are used [6].

The aim of this article is to demonstrate the validity and
effectiveness of the dc/1¢/3¢ power converter that combines the
SDBC converter with a single-phase converter via a medium-
frequency transformer. A downscaled experimental model is
designed and built to verify the operating principles and control
method of the converter, where experimental waveforms with
different modes of operation are presented. It is shown that an
active power of 37% of the rated reactive power can be controlled
without increasing the voltage and current ratings of the SDBC
converter by setting the transformer frequency to 150 Hz, which
is three times the line frequency of 50 Hz. This means that if
the power rating of the converter is 100 MVA, the maximum
exchangeable active power is 37 MW.

It should be noted that the main function of the converter
is reactive power control similar to the conventional SDBC
converter, and active power control is an additional function.
In other words, the converter is not intended to be applied for
applications where only active power control is required, such as
electric railways, quick chargers for electric vehicles, and wind
power generation systems described above. Examples of suitable
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Fig. 2. Circuit configuration of a dc/1¢/3¢ power converter combining the
SDBC converter with a single-phase converter via a single-phase medium-
frequency transformer.

applications for the converter will be described in Section II-D
in detail.

The rest of this article is organized as follows. Section II
explains the circuit configuration and characteristics of the
proposed converter. Sections III and IV present the operating
principles and control method of the proposed converter. Section
V describes the experimental verification using a downscaled
110-V, 5-kVA model. Finally, Section VI concludes this article.

II. CirRcUIT CONFIGURATION AND CHARACTERISTICS
A. Circuit Configuration

Fig. 2 shows the circuit configuration of a dc/1¢/3¢ power
converter, which comprises single-phase converter(s), a single-
phase medium-frequency transformer, and the SDBC converter.
Each cluster of the SDBC converter comprises cascaded bridge
cells (i.e., single-phase full-bridge PWM converters), where the
bridge-cell count per cluster is N. The three clusters of the
conventional SDBC converter are delta-connected via a single
coupled inductor, as shown in Fig. 1. The circuit shown in Fig. 2
connects the three clusters via the secondary windings of the
transformer, where the windings are divided into three equal
parts and each cluster is connected to the corresponding part.
The operating frequency of the transformer is set to 150 Hz,
which is three times the line frequency of 50 Hz, and the reason
for choosing this frequency will be described in Section III.
The primary windings of the transformer are connected to the
single-phase converter via an ac inductor L..,, while each
cluster is connected to the three-phase ac mains via ac-link
inductors L,.. It should be noted that the three noncoupled
ac-link inductors can be placed within the delta connection,
whereas the circulating current iz defined by (4) later also flows
in L,., and a voltage drop originating from 7z occurs in L.
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This makes the decoupled control of the supply currents and the
circulating current difficult. This problem can be solved using
a three-phase inductor with a three-legged core as the induc-
tor presents inductance only to the positive/negative sequence
component and presents zero inductance to the zero-sequence
component. The SDBC converter can increase the voltage rating
easily by increasing the bridge-cell count V.

VSuvs USvw, and vswy are the supply line-to-line voltages
represented by

VSuy = \/ivs sin (wt + %)
. T
Vgvw = V2V sin (wt — 5)
. T
VSwu = \/ivs sin <wt — 6> (D)

where Vg is the root-mean-square (rms) value. vcy; (0 €
{uv,vw,wu},i € {1...N}) is the dc-capacitor voltage, vo; is
the ac voltage of each bridge cell, and v, is the cluster voltage.
The following relationship holds between v,,; and v,:

N
Vo = Z Voi- (2)
i=1

tuvs Tyw, and 7y are the cluster currents, and ., ., and 7., are
the supply currents, where the following relationships hold:

luy = tuv — twu
by = tyw — luv
tw = twu — lyw- (3)

Let the circulating current flowing in the delta-connected wind-
ings be ¢z. According to [9], it is given by

1
Z'Z = g(iuv + ivw + Z'wu)- (4)

The number of turns of the primary windings is /V; and that of
the secondary windings is /V5. Because the secondary windings
are divided into three equal parts, each part has N /3 number of
turns. v is the primary voltage, and vrouy, VT2vw, and Vrowy
are the secondary voltages. iy, 1S the primary current, vy 1S
the ac voltage of the single-phase converter, and V. is the dc
source voltage.

B. Comparison Between SDBC and DSCC Converters

This section compares the SDBC converter and a modular
multilevel cascade converter based on double-star chopper cells,
which is referred to as a DSCC converter according to the classi-
fication shown in [6]. In general, the DSCC converter itself can-
not perform dc/1¢/3¢ power conversion, whereas it can perform
dc/1¢/3¢ power conversion if an additional high voltage conver-
sion ratio dc—dc converter is applied to the common dc link of the
DSCC converter. An input-series-output-parallel modular dc—dc
converter presented, e.g., in [32], is one method to achieve such
voltage conversion where multiple medium- or high-frequency
transformers are used for galvanic isolation. Hence, it may suffer
from high cost and low reliability because of many transformers

12517

required. Fig. 2 circuit can achieve dc/1¢/3¢ power conversion
using a “single” single-phase medium-frequency transformer,
which is more suitable than the DSCC converter for high-power
applications where high reliability is of extreme importance.
Hence, the DSCC converter is eliminated from selection. The
detail comparison between both converters in terms of mass,
volume, and cost under dc/1¢/3¢ power conversion is beyond
the scope of this article and left for the future work.

C. Comparison Between SDBC and DSBC Converters

The biggest difference between the SDBC and DSBC con-
verters is that the former requires no additional cells to achieve
active power control, as explained later, whereas the latter must
use additional cells to achieve active power control. Conse-
quently, the number of power devices required for the SDBC
converter is /3/2 times or less compared to that required for
the DSBC converter. This interesting difference occurs because
the positive-side and negative-side arms of the DSBC converter
should produce the fundamental frequency components with the
same amplitude but with a phase difference of 180°. Meanwhile,
each cell in one cluster of the SDBC converter produces the
fundamental frequency component with the same amplitude
and the same phase; hence, active power control is achievable
without the need of additional cells.

D. Characteristics of Fig. 2

The circuit shown in Fig. 2 can achieve active power control in
addition to reactive power control, and this attractive feature can
be used for the transient stability improvement of electric power
systems. In other words, the circuit operates like the conventional
synchronous phase modifier (i.e., the synchronous generator),
where it charges or discharges active power by adjusting the
rotating speed, and this feature cannot be achieved by the circuit
shown in Fig. 1, in which only reactive power is adjustable.
Furthermore, Fig. 2 circuit can achieve better performance than
Fig. 1 circuit in terms of voltage regulation because it can
compensate for the resistance and inductance components of
transmission voltage simultaneously, whereas Fig. 1 circuit can
inherently compensate for only the inductance component.

In general, a STATCOM intended for the transient stability
improvement of electric power systems works only under a
system disturbance such as a ground fault condition. In other
words, it does not contribute to the power systems under normal
conditions. Fig. 2 circuit can work as a battery energy stor-
age system or a solar power generation system under normal
conditions owing to the capability of active power control,
which results in better utilization of electrical facilities. Another
attractive feature of Fig. 2 circuit is that it is relatively easy to
apply an existing SDBC converter to it because the voltage and
current ratings of the converter do not need to be changed, and
the same control system of the SDBC converter can be applied to
Fig. 2 circuit except for some modifications that will be described
in Section IV. Consequently, significant cost reduction could
be achieved compared with the case of newly installing Fig. 2
circuit.
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It is noteworthy that the main function of typical battery
energy storage systems or solar power generation systems is
active power control, and reactive power control for voltage
regulation is an additional function. By contrast, the main func-
tion of Fig. 2 circuit is reactive power control similar to the
conventional SDBC converter, and active power control is an
additional function. Hence, the main and additional functions
are opposite for Fig. 2 circuit in comparison with battery energy
storage systems or solar power generation systems.

III. OPERATING PRINCIPLES
A. Transformer Frequency and Voltage

The following assumptions have been introduced as follows.

1) The supply voltages are three-phase balanced voltages

with no harmonic components.

2) The leakage inductance and resistance of the transformer

are zero.

3) The harmonic voltages produced by each cluster are zero.

4) The ON-state voltages of the power devices, the wiring

resistance, and the wiring inductance are zero.

The first assumption is introduced to simplify circuit analy-
sis, and it is reasonable under normal conditions. The second
assumption is introduced because these parameters have little
effect on circuit operation. The third assumption is valid when
the phase-shifted PWM is applied to each cell, and the validity
of this assumption will be confirmed experimentally later. The
fourth assumption is valid because the on-state voltages are
negligible compared with the ac mains voltage, which is as high
as several tens of kilovolts in an actual system.

The cluster voltages vyy, Uyw, and vy, in Fig. 2 have 50-Hz
positive-sequence components with the same amplitude while
a phase difference of 120° exists relative to each other, and the
common medium-frequency zero-sequence component with the
same amplitude and phase. The zero-sequence component that
is applied to the secondary windings of the transformer plays
an important role in active power exchange between the single-
phase converter and the SDBC converter. Let the supply angular
frequency be w, and the transformer angular frequency and the
initial phase be wryans and @, respectively, where the relationship
w < Wrrans holds. The cluster voltages are represented by

Vuy = V2Vs sin (wt + %) — V2aVs sin(Wrranst + ¢)

Vyw = V2V sin (wt - g) — V2aVs sin(Wrvanst + ¢)

7
Uy = V2V sin (wt — g) — V2aVs sin(wrranst + ¢)
&)

where a is the ratio of the medium-frequency component to
the 50-Hz component. It is noteworthy that the actual vy, Vyw,
and vy, contain additional voltage components for current and
dc-capacitor voltage control, as will be described in Section I'V.
They are set to zero in (5) because they have no effect on the
transformer operation.
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In (5), a can be set to a desired value within hardware
limitations, and ¢ can be set to an arbitrary value. wryans should
be set to an integer multiple of 3w for the symmetrical operation
of each cluster. Furthermore, the converter and transformer loss
in the Fig. 2 circuit should be minimized considering that it
is expected to be applied to a high-power converter, where
efficiency improvement is the top priority. In other words, wyans
should be minimized to minimize the transformer iron loss.
Hence, it is set to

WTrans — 3w (6)

which is three times the supply angular frequency.
From Kirchhoff’s voltage law, the following voltage relation-
ship holds in the delta-connected windings:

Uuy + Uyw + Uy = _(UT2uV + Urovw + UT2wu) = —Ut2

)

where vrs is the sum of the secondary voltages. Equations (5)
and (7) indicate that only the zero-sequence voltage included in
each cluster voltage appears in vrs. The relationship vroy, =
UT2vw = UT2wu holds because each cluster produces the same
zero-sequence voltage in terms of the amplitude and phase as
shown in (5). Consequently, the following relationship exists in

(7:

vrs
3

From (5), (6), and (8), the following voltage is superimposed on

each part of the secondary windings:

®)

UT2uv = UT2vw = UT2wu —

UTouy = UT2vw = UT2wa = V2aVs sin(3wt + ¢).  (9)

As mentioned previously, an existing SDBC converter work-
ing as a STATCOM may be applied to Fig. 2 circuit, where
the voltage and current ratings cannot be changed easily. For
this reason, the voltage and current ratings of the SDBC con-
verter should be the same regardless of STATCOM operation
or dc/1¢/3¢ converter operation. Hence, the maximum cluster
voltage should be less than or equal to v/2V& in (5) even when the
zero-sequence component is superimposed. On the other hand, a
should be as high as possible to exchange the active power with
the minimum current. From (5), (6), and the abovementioned
consideration regarding the cluster voltage, the maximum value
of a is obtained, with the help of numerical analysis, when

™
o=—3 (10)

as

a = —.

5 (1)

Finally, a voltage with a frequency of 150 Hz, an initial phase of
—m/2, and an rms value of 0.4Vj is applied to each part of the
secondary windings. It should be noted that ¢ and @ can be set
to other values as long as the cluster voltage is less than or equal
to v/2V5 in (5). However, the maximum value of a is given by
(11) and is obtained when ¢ is given by (10).
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Fig. 3. Equivalent circuit of a single-phase medium-frequency transformer
shown in Fig. 2.

B. Transformer Equivalent Circuit

The cluster currents (i.e., the secondary currents of the trans-
former) can be divided into components originating from the
supply currents and the one circulating in the delta-connected
windings, according to [9]. They can be described as follows:

. Ty — & .

luy = u3 V+ZZ

. Ty — & .

lyw = VSW+ZZ

. ) .

Ty = — 3 Yty (12)

It should be noted that (12) holds regardless of the four as-
sumptions described at the beginning of Section III. Because
the sum of the first terms on the right-hand side in (12) is zero,
only the circulating current ¢ contributes to the production
of electromagnetic force in the transformer. Furthermore, the
transformer shown in Fig. 2 can be changed to the circuit shown
in Fig. 3 equivalently, because (8) holds, and the common
circulating current flows in each part of the secondary windings.

In Fig. 3, vpe comprises the 50-Hz fundamental-frequency
component represented by vre 50 and the 150-Hz medium-
frequency component represented by vrs 150, Where the re-
lationship vre = vT2 50 + vT2_150 holds. The power balance
of each cluster can be achieved by adjusting vrs 50 appro-
priately [9], while vrg 150 is used for active power exchange
between the single-phase converter and the SDBC converter.
Similarly, v comprises the 50-Hz and 150-Hz components
because the relationship vy = (N1/N2)vTs holds in Fig. 3.
The 50-Hz component should be eliminated from the primary
circuit because it does not contribute to active power exchange,
and this can be eliminated such that the single-phase converter
produces the same 50-Hz component in terms of the amplitude
and phase included in vpq, as will be shown later in Fig. 8.
Consequently, no 50-Hz component occurs in ¢oy.

Meanwhile, iz comprises the 50-Hz fundamental-frequency
component represented by iz 50 and the 150-Hz medium-
frequency component represented by iz 150. The following
relationship holds for the 50-Hz component:

d(i
U2, 50 :LM@_

dt (13)

In (13), L is the magnetizing inductance of the transformer
that is represented by [9]

(14)
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where R, is the magnetic resistance. It should be noted that
1z 50 does not contribute to active power exchange, whereas it
contributes to the power balance of the clusters [9].

The 150-Hz component represented by iz 150 comprises
the magnetizing current represented by 7z, 150, and the cur-
rent contributing to the active power exchange is represented
by 7;Za_150a where the relationship ’iz_150 = iZm_lSO + iZa_lSO
holds. The following relationship holds for i z,, 150

d(izm
VT2 150 = szw (15)
dt
and the following relationship holds for iz, 150:
N
- (16)

1Za_150 = N, Lout-
2

Equations (15) and (16) indicate that the active power exchange
is irrelevant to L,;. Instead, it is related to L.,, and the
leakage inductance of the transformer as in the conventional
grid-connected converter.

C. Power Rating of the Fig. 2 Circuit

The rated cluster current of the Fig. 2 circuit should be less
than or equal to that of the Fig. 1 circuit, considering that an
existing SDBC converter may be applied to the former circuit.
Let the rms value of the supply currents iy, i, and iy be 1.
The cluster current is I /+/3 when the positive-sequence reactive
power is controlled, and 27/+/3 when the negative-sequence
reactive power is controlled, according to [9]. In general, a
STATCOM for utility applications is not required to control the
negative-sequence reactive power; hence, the rated cluster rms
current is set to I/+/3.

The following assumes that the positive active power flows to
the three-phase ac mains from the dc source in Fig. 2, and no
reactive power exists in the ac mains. Consequently, the 50-Hz
components included in vy, and 7, are in phase. Let wyans, @,
and a be given by (6), (10), and (11), respectively. vy, in (5) can
be changed to

Vay = V2Vg sin (wt + %) - \@% sin (3wt — g) (17)

When the 50-Hz components included in v, and ¢,,, are in phase
and those included in vy (= 3vT2yy) and iy are in phase, 7,y
is given by

T

i = V21500 sin (wt T %) + V21150, sin (Bwt - 5) (18)

where I, and [;50, are the rms values of the 50 and 150-Hz
components, respectively.

Meanwhile, the following relationship should hold in (17) and
(18) for regulating each dc-capacitor voltage:

27w
/ (Ve X e}t = 0
0

where 27 /w is the period of the three-phase ac mains (= 20 ms).
Substituting (17) and (18) into (19) yields

5

I1500 = 515011-

19)

(20)
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From (18) and (20), the rms value of i, and I, is given by

V29
Loy = \/ T30, + Ii500 = T[150a-

Equation (21) and the relationship I,, = I/+/3 produce the
following equations:

2y

1 V29
I = — = 22" Isoa
\/g 5 150
5

(22)

The power rating of the transformer Pry,;s is calculated from
(9)—(11), and (22) as follows:

2
PTrans = ?)C’/VSIISOG, =3 X 3VS X ]1500,

Vsl (23)

J

Hence, the ratio of Py, to the rated reactive power Qrated
(= V3VsI)is
P Trans 2

Qrated B vV 29

In summary, the active power that can be exchanged via the
transformer is limited to 37% of the rated reactive power.

= 0.37.

(24)

D. Relationship Between Active and Reactive Power

No reactive power at the ac mains has been assumed in the pre-
vious section. Meanwhile, Fig. 2 circuit may control the active
power and positive-sequence reactive power simultaneously in
an actual situation. When the positive-sequence reactive power
is controlled, a current that lags (or leads) the cluster voltage
by 90° is superimposed on the cluster current. Let the 50-Hz
current originating from the reactive power control be I5,.
Consequently, (18) becomes

iuv = \/5_[50(1 sin (o.}t + %) + \/5-[15()0, sin <3wt - g)

+ \[2[5(” sin (wt + % + g) .
The third term on the right-hand side in (25) corresponds to the
current originating from the reactive power control. It should be
noted that this additional current has no effect on the analysis
of the power rating of Fig. 2 circuit presented in the previous
section, and (19) to (24) hold regardless of this additional
current. The reason for this is that (19) always holds when
the positive-sequence reactive power is controlled owing to the
phase difference of 90° between the cluster voltage and the
current. The cluster rms current should be less than or equal
to I/4/3 even when the active power and positive-sequence
reactive power are controlled simultaneously.

Let the active and reactive power of the ac mains be P
(= 3V5I504) and Q (= 3VsI50.), and the rated reactive power be
Qrated, respectively. Fig. 4 shows the relationship between the
active and reactive power under the rated cluster current of 1/ V3
(see Appendix). It should be noted that the vertical and horizontal

(25)
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P/Qrated [%]

37

00 100 Q/Qrated [%]

Fig. 4. Relationship between active power and reactive power under the rated
cluster current of 1/ V3.

axes are not proportional in Fig. 4. The active power of 37% of
the rated reactive power can be exchanged when @ = 0, and
the ratio decreases nonlinearly as () increases. For example, the
active power of 22% and the reactive power of 80% of the rated
reactive power can be controlled simultaneously, according to
Fig. 4. Finally, the relationship P = 0 holds when Q = Qated-
Furthermore, the converter losses of Figs. 1 and 2 are comparable
as long as (10), (11), and Fig. 4 hold.

E. Ratings of L,. and DC Capacitor Voltage

From (37) (see the Appendix), the u-phase supply current 7,
is calculated as

iy = \/g”Pi/—’—Qz sin (wt + «) (26)
S

where « is given by (38). On the other hand, the following
relationship holds from (40):

V P2 + Q2 < Qrated'

The abovementioned equations imply that the supply rms current
of Fig. 2 is less than the rated current of Fig. 1 working as a
STATCOM for positive-sequence reactive power control, as long
as Fig. 4 is satisfied. Furthermore, the switching-ripple current
contained in %, is the same between Figs. 1 and 2 because it
is determined by the voltage step and switching frequency of
each cell, and they are the same between them; hence, the same
inductance can be applied. Hence, it is possible to apply L.
used for Figs. 1 to 2 without any change.

Regarding the dc capacitor voltage of each cell, the dc voltage
can be equal or less than that working as a STATCOM for
positive-sequence reactive power control as long as ¢ and a
are given by (10) and (11), respectively, because the cluster
voltage can be equal or less than ﬁVS. Furthermore, the ac
voltage contained in each dc capacitor voltage when the active
and reactive power are controlled simultaneously is smaller in
amplitude than that when the rated positive-sequence reactive
power is controlled because of reasons that will be described in
the last paragraph of Section V-C.

In summary, the same ratings of L., dc voltage, and capaci-
tance of each submodule can be applied to Figs. 1 and 2.

27)
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Fig. 5. Block diagram of instantaneous active and reactive power control, and

overall voltage control.

IV. CONTROL METHOD

The control method of the Fig. 2 circuit is divided into the
following two parts:

1) control of the SDBC converter;

2) control of the single-phase converter.

A. Control of SDBC Converter

The control method of the SDBC converter can be classified
into the following four subcontrols [9]:

1) active and reactive power control, and overall voltage

control;

2) cluster-balancing control;

3) circulating-current control;

4) individual-balancing control.

Fig. 5 shows the control block diagram of the active and
reactive power control, and the overall voltage control. p* is the
command value of the instantaneous active power, ¢* is that of
the instantaneous reactive power, ; is that of the d-axis current,
and 1 is that of the g-axis current. The overall voltage control
is responsible for regulating v, which is the arithmetic average
voltage of all the floating dc capacitors used in the Fig. 2 circuit,
to its command value v¢,, and this is achieved by adjusting 7.
V¢ 18 given by

1 N
v = IN Z Z@cm‘-

oe{uv,vw,wu} i=1

(28)

A moving-average filter of 100 Hz is applied to each dc-capacitor
voltage v, to detect only the dc component. The independent
control of i4 and i, is achieved by applying the conventional
decoupled current control. Finally, Fig. 5 circuit produces the
positive-sequence voltage commands of the three clusters vy, ,
Vi, » and v, .

When the active power is controlled, the command of the
zero-sequence voltage v, is added to the voltage commands,
where it is given by

v;ero = \/i‘/zero Sil’l(?)wt — 7'('/2) 29)

where V,ero 1 the rms value. Finally, the voltage commands of
the three clusters v, v}, and v}, are given by

uv? Yvw?
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Fig. 6. Block diagram of dc-capacitor voltage control. (a) Cluster-balancing

control. (b) Circulating-current control. (c) Individual-balancing control.

Upy = qup Uzero
* 0k *
Uyw vva VUgero
* ok ok
Uyu = Uwup Uzero- (30)

It should be noted that v, corresponds to vz 150 described

in Section III-B, and the relationship vy 150 = 30, holds.
1) Cluster-Balancing Control: Fig. 6(a) shows the control
block diagram of the cluster-balancing control. It is responsible
for balancing the arithmetic average voltage of each phase, v,
to v¢ by adjusting the 50-Hz component included in iz, iz 50.

Ve, 18 given by
1
Uco = N;acm-. (31)

It is noteworthy that sin (wt + §) in Fig. 6(a) is in phase
with the 50-Hz positive-sequence component included in vyy.
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Fig. 7. Voltage command of each bridge cell.

When vcyy > ¢, the product of vy, and 7z 50 forms the
positive active power because the command of iz 50, 17 5,
contains the same frequency component that is in phase with
vuv- Consequently, the cluster discharges positive active power,
decreasing v,y Meanwhile, the product of v,,, and iz 5 forms
negative active power when vy < ¢, increasing oy -

2) Circulating-Current Control: Fig. 6(b) shows the control
block diagram of the circulating-current control. The circulating
current 7z given by (4) contains the 150-Hz component in
addition to the 50-Hz component. The control is achieved by
utilizing the 50-Hz component included in iz, as described
in [9], so that the 150-Hz component is eliminated from the
control system. There are two methods to eliminate the 150-Hz
component as follows:

1) using a moving-average filter of 150 Hz;

2) using the primary current of the transformer.

This article uses the latter method because the 150-Hz com-
ponent can be detected without any control delay. To be spe-
cific, the 150-Hz component is eliminated from i, using the
detected primary current and the turns ratio of the transformer,
as shown in Fig. 6(b). Finally, the command voltage v, which
is common to each phase, is generated. It should be noted that
v% corresponds to v2 50 described in Section III-B, and the
relationship vra 50 = 3v% holds.

3) Individual-Balancing Control: Fig. 6(c) shows the control
block diagram of the individual-balancing control. It forces each
dc-capacitor voltage v, to follow v¢,. The voltage command
Uh,; 15 given by

Vpoi = (K4(UCoi — Uco) + Ks /('DCoi — ’Uco)dt> 1o. (32)

It forms active power between vg,; and i,, thereby achieving
voltage balancing. Equation (32) implies that the sum of the
voltage commands in one cluster is equal to zero. This means that
no interference occurs between the individual-balancing control
and the current control.

Fig. 7 shows the control block diagram of the voltage com-
mand of each bridge cell. The ac voltage command v,; is given
by

* *
vop — Vzero + Up
ot —ZV

* *
* UO+UA

+ vy = N (33)

*
+ UBoi+

B. Difference in Control Between Figs. 1 and 2 Circuits

The control method of the Fig. 2 circuit is basically the same

as that of the Fig. 1 circuit except for the following differences.

1) The primary current ., is taken into the circulating-
current control shown in Fig. 6(b).
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Fig. 8. Block diagram of current control of the single-phase medium-
frequency converter.

*
Zero?

2) The voltage command for the zero-sequence voltage v
is added to v}, as shown in Fig. 7.

3) The values of p*, v}, and v’ are given to the control

system of the single-phase inverter, as will be shown in

Fig. 8.

C. Control of Single-Phase Converter

Fig. 8 shows the control block diagram of the single-phase
medium-frequency converter. The current command of iqy¢,
is given by

2p* N
inae = ?:glpvzejo sin(3wt — 7/2).
Equations (9), (10), and (34) indicate that vy and ¢}, are in
phase. The conventional proportional control with the control
gain K is applied to the current feedback control. Finally, the
ac voltage command v}, is given by
. 3Ny

3Ny B
]\[2 Vyero ]V2 Va- (35)
The second term on the right-hand side in (35) corresponds
to the medium-frequency voltage applied to the transformer
by the SDBC converter. Meanwhile, the third term plays an
important role in eliminating the 50-Hz component from the
primary circuit.

*
Zout?

(34)

véut = KO(iZut - Z‘Out) +

D. Relationship Between Current Controllability and
Inductance

Fig. 2 circuit controls the supply currents (i, i, and i),
the 50-Hz fundamental-frequency component included in iz,
1z 50, and the primary current of the transformer ¢,,, and each
control is independent. Meanwhile, the inductance that affects
the current controllability is different in each current. To be
specific, the controllability of the supply currents is determined
by the ac-link inductor L,, that of 7z 50 is determined by the
magnetizing inductance L), represented by (14), and that of
Tout 18 determined by the ac inductor L., including the leakage
inductance of the transformer.

In general, L), is greater than L,. or L.y, as can be ob-
served in Table I. This implies that each cell should produce a
larger voltage to achieve fast current controllability of iz 5¢.
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TABLE I
SPECIFICATIONS OF THE EXPERIMENTAL MODEL
Nominal line-to-line voltage Vs 110 V
Line frequency w/2m 50 Hz
Transformer frequency WTrans/27 | 150 Hz
Rated reactive power Qrated 5 kVA
Rated supply current 1 26.2 A
Rated cluster current 1/V3 152 A
Rated active power Prated 1.85 kW
Bridge-cell count N 6
AC-link inductor Lac 0.3 mH
Magnetizing inductance L 82 mH
DC capacitor C 47 mF
DC-capacitor voltage Ve 28V
Zero-sequence voltage Viero 40 V
Carrier frequency of each cell | we cen/27 1 kHz
Equivalent switching frequency | wsw,eq/27 | 12 kHz
Transformer primary voltage V1 120 V
Transformer secondary voltage Viro 120 V
Transformer primary current Tout 154 A
Turns ratio N2 /Ny 1
DC voltage Ve 200 V
AC inductor Leon 0.18 mH
Carrier frequency of converter | we,con/27 6 kHz

When the active power or positive-sequence reactive power
is controlled, the relationship iz 59 = 0 always holds because
the power imbalance between clusters does not occur inher-
ently in both steady- and transient-state conditions. However,
the fast current controllability of iz 59 may be required when
the negative-sequence reactive power is controlled where the
power imbalance between clusters is inherent and the relation-
ship iz 50 = 0 does not hold [9]; such a situation can occur
under grid fault conditions. In order to achieve fast current
controllability of 7z 59, Ljs needs to be reduced, which can be
achieved by introducing appropriately designed air gap(s) to the
transformer.

V. EXPERIMENT

A. Experimental Conditions

Fig. 9 shows a photograph of a downscaled 110-V, 5-kVA
model that is used to verify the circuit of Fig. 2. The SDBC
converter used in experiments is the same as the one used in [20]
and [21], except for some modifications in the circuit param-
eters. Table I summarizes the circuit parameters used in the
experiments. The rated active power is Prateq = 1.85 kW, which
corresponds to 37% of the rated reactive power Q,atea = 5 kVA,
according to Fig. 4. The rated supply and cluster rms currents
are I =26.2 A and I/y/3 = 15.2 A, respectively. The zero-
sequence voltage is set to Ve, = 40 V, which is approximately
40% of the supply line-to-line voltage, according to (17).

The supply line-to-neutral voltages vsy, vsy, and vgy, are
calculated as follows:

— VYSuv—VUSwu
Vgy = P

— VYSvw —VSuv
Vgy = ot

— VYSwu—VUSvw
Vg = —owu_DSvw
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SDBC converter

DC supply

Single-phase converter
and transformer

Control system and
measuring equipments

Fig. 9. Photograph of the downscaled 110-V, 5-kVA model.

The bridge-cell count used in each cluster is N = 6, and
the carrier frequency of each cell is 1 kHz. The phase-shifted
PWM with a phase difference of 30° (= 180°/N) is applied
to each cell, so that the equivalent switching frequency of the
cluster is 12 kHz (=2 x 6 x 1 kHz). The turns ratio of the
transformer is set to No/N; = 1. The single-phase converter
is implemented using the traditional single-phase full-bridge
PWM converter with a carrier frequency of 6 kHz. The dc voltage
Ve is implemented using the NF Corporation DPO30RS, which
is capable of regenerative operation, and it is set to 200 V.

The control system consists of a digital signal processor unit
that uses the Texas Instruments TMS320C6713 and a field-
programmable gate array (FPGA) unit using the Altera Cyclone
II. The FPGA unit, which includes A/D converters, detects the
18 dc-capacitor voltages of each chopper cell, the three cluster
currents, the two supply voltages, the dc source voltage, and the
transformer primary current. The FPGA unit produces 76-bit
gate signals. The experimental waveforms except for i,¢ and
vty were captured using the Yokogawa WE7000. The wave-
form of i,+ Was captured using the Tektronix TCP303 with a
frequency band of 15 MHz, and that of vp; was captured using
the Tektronix P5205 with a frequency band of 100 MHz.

B. Steady-State Operation When Active Power is Controlled

Fig. 10 shows the experimental waveforms under steady state
when p* = 1.85 kW (37%) and ¢* = 0, where Fig. 10(a) shows
the SDBC-side waveforms and Fig. 10(b) shows the converter-
side waveforms. The voltage and current waveforms correspond
to those shown in Fig. 2. Because the relationships p* > 0 and
q¢* = 0 hold, positive active power flows from the dc source to
the three-phase ac mains with unity power factor.

The cluster voltages vy, Uyw, and vy are 12-level multilevel
waveforms with fewer harmonic voltages owing to the favorable
effect of the phase-shifted PWM, where vy, is given by (17).
Hence, the amplitude of the 150-Hz component is 40% that of
the 50-Hz component. The supply currents ¢, iy, and iy, are
the three-phase balanced current, and they are in phase with the
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Fig. 10. Experimental steady-state waveforms when p* = 1.85 kW (37%)

and ¢* = 0. (a) SDBC-side waveforms. (b) Converter-side waveforms.

supply voltages vs,, sy, and vsy, respectively. The rms value of
tu, Iy, 18 9.1 A, which corresponds to 35% of the rated current of
26.2 A. It is smaller than the theoretical current of 9.7 A (37%)
because the losses in the SDBC converter and transformer are
fed by the three-phase ac mains.

The cluster currents 4y, ¢y, and iy, contain two frequency
components: the 50-Hz line-frequency component and the 150-
Hz component. From (20), the amplitude of the 50-Hz com-
ponent is 40% that of the 150-Hz component. The rms value
of iyy, Luv, 18 15.1 A, which corresponds to 99% of the rated
cluster current of 15.2 A. The circulating current iz comprises
the dominant 150-Hz component (i.e., iz, 150), Where (16)
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holds, considering that iz 50 given by (13) and iz, 150 given by
(15) are small enough to be negligible. Finally, the relationship
17, = 1out holds based on Table 1.

The transformer secondary voltage vra,y iS given by (9),
where the relation a = 2/5 holds. Hence, the rms value of
UT2uvs VT2uv, 18 theoretically 40 V, which agrees well with the
experimental result of 41.6 V. The dc-capacitor voltages vy,
Vovwl, and Vo1 contain the de and ac components, and the dc
component is regulated to 28 V. The peak-to-peak ac component
is 1.2V (4.3%).

The transformer primary voltage v is given by vy =
(N1/N3)vra, according to Fig. 3, and the relationship vre =
3vTouy holds from (8). Hence, the rms value of vy is 120 V
theoretically, which agrees well with the experimental result of
122 V. The transformer primary current 4., is controlled to
be in phase with the fundamental component included in the ac
voltage of the single-phase converter, vq,. The rms value of ¢,
Tout, 1s 15.7 A, which corresponds to 102% of the rated current
of 15.4 A. Consequently, the actual active power fed by the dc
source is 1.88 kW (= 120V x 15.7 A), which corresponds to
102% of the rated power of 1.85 kW.

Fig. 11 shows the experimental waveforms under steady state
when p* = —1.85 kW (—=37%) and ¢* = 0, where Fig. 11(a)
shows the SDBC-side waveforms and Fig. 11(b) shows the
converter-side waveforms. Because the relationships p* < 0 and
q¢" = 0 hold, positive active power flows from the three-phase
ac mains to the dc source with unity power factor. The supply
currents %, ¢, and i, are out of phase with the supply voltages
Usu, Usv, and vgy, by 180°, respectively. Furthermore, the 150-Hz
components included in the three cluster currents iz, and 7oyt
are out of phase with those shown in Fig. 10 because of the
power-flow inversion. The other waveforms are similar to those
shown in Fig. 10.

C. Steady-State Operation When Active and Reactive Power
are Controlled Simultaneously

Fig. 12 shows the experimental waveforms under steady state
when p* = 1.1 kW (22%) and ¢ = 4.0 kVA (80%), where
Fig. 12(a) shows the SDBC-side waveforms and Fig. 12(b)
shows the converter-side waveforms. Because p* > 0 and ¢* >
0, positive active power flows from the dc source to the three-
phase ac mains, and the SDBC converter provides leading re-
active power to the supply. The rms value of the supply current
iy, Iy, 1s increased to 21.8 A, which corresponds to 83% of the
rated current of 26.2 A. However, the rms value of the cluster
current 7.y, Iy, 18 15.2 A, which is the same as the rated current
of 15.2 A because p* and ¢* are given according to Fig. 4.
Meanwhile, the amplitudes of the 150-Hz components included
in the three cluster currents 7, and 4., are smaller than those
shown in Figs. 10 and 11 because of the reduced active power.
The peak-to-peak ac component included in the dc-capacitor
voltages vouvi, Vovwls and Vowna1 18 1.2 V (4.3%), which is the
same as the one shown in Figs. 10 and 11.

It is noteworthy that the ac component included in the dc-
capacitor voltages vcuvis Vovwl, and vogwy1 When p* = 0 and
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Fig.11. Experimental steady-state waveforms when p* = —1.85kW (—37%)
and ¢* = 0. (a) SDBC-side waveforms. (b) Converter-side waveforms.

q" = 5.0 kVA (100%) was obtained experimentally as 1.5 V
(5.3%). This indicates that the ac component when the active
and reactive power are controlled simultaneously is smaller
than that when the rated reactive power is controlled as long
as the relationship shown in Fig. 4 is satisfied. The reason for
this is that the ac component is inversely proportional to the
frequency [9], and the ac voltage fluctuation originating from
the 150-Hz component is smaller than that originating from the
50-Hz component. The other waveforms are similar to those
shown in Figs. 10 and 11.
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Fig. 12.  Experimental steady-state waveforms when p* = 1.1 kW (22%) and
q* = 4.0kVA (80%). (a) SDBC-side waveforms. (b) Converter-side waveforms.

D. Transient-State Operation When Active Power is
Controlled

Fig. 13 shows the experimental transient waveforms when
p* was changed from zero to 1.85 kW under a ramp change
in 50 ms while ¢* was kept zero. It was confirmed that each
current follows the command with good accuracy with no over-
current. It is evident from the dc-capacitor voltages that their dc
components are well regulated to the command value of 28 V
even in transient-state conditions. The Fig. 2 circuit can achieve
fast power-flow control because the current controllability of
the supply current is determined by the ac-link inductor L,
and that of the transformer primary current is determined by
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Fig. 13.  Experimental transient waveforms when p* was changed from zero

to 1.85 kW under a ramp change in 50 ms while ¢* was kept zero.

the ac inductor L.y, both of which are much smaller than the
magnetizing inductance Ly, as shown in Table I.

VI. CONCLUSION

This article has described a dc/1¢/3¢ power converter that
combines the SDBC converter with a medium-frequency single-
phase converter via a single-phase transformer with an operating
frequency of 150 Hz. Its characteristic is that the active power
of 37% of the rated reactive power can be controlled between
the dc source and the three-phase ac mains without increasing
the voltage and current ratings of the SDBC converter, thereby
achieving transient stability improvement and superior voltage
regulation of electric power systems. The operating principles
and control method have been verified by experiments using a
downscaled 110-V, 5-kVA model.

APPENDIX
RELATIONSHIP BETWEEN ACTIVE AND REACTIVE POWER

The cluster current i, given by (25) can be changed with the
help of the relationships P = 3Vs /504, @ = 3VsI50,, and (20)
as follows:

e = i (w1 ) + 355 i (s~ 3)
V2

2
V2
3Vs

sin (wt +T4 f) . (36)

6 2

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

Based on the compositions of trigonometric functions, (36) can
be changed to

2
P— V2 <\/P2 + @?sin (thr % +a)

3Vs
5 . T
+ 2Psin (Swt i f) (37)
2 2
where « is given by
4 Q
=+tan ! <. 38
« an P (38)

In (37), the rated cluster rms current should be the same as the
one obtained when P = 0and ) = Q;ateq- Hence, the following
relationship holds:

Qratcd 27 1 2 2 2 ) 2
( 305 ) (3Vs) (P e +<2P> > )

Finally, the following relationship holds among P, @), and Q,ated

2
P = m imted - Q2

0.37 \/ Q?ated - QQ.
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