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Abstract—This paper focuses on the zero-voltage ride-through
(ZVRT) capability of a transformerless back-to-back (BTB) sys-
tem intended for installation on a power distribution system with
many distributed power generators. The BTB system consists of
two modular multilevel cascade converters based on double-star
chopper cells (MMCC-DSCC) and their ac sides are connected to a
common ac mains via ac-link inductors. This paper provides an ex-
perimental discussion on the DSCC-based BTB system under volt-
age sags by using a three-phase 200-V 10-kW downscaled system.
Experimental results show that the BTB system is equipped with
ZVRT capability without causing any overvoltage and/or overcur-
rent even under the most severe voltage sags.

Index Terms—Back-to-back (BTB) systems, modular multilevel
cascade converters (MMCC), zero-voltage ride-through (ZVRT)
capability.

I. INTRODUCTION

A POWER distribution system in Japan consists of multiple
radial feeders as shown in Fig. 1, in which a 66-kV (or

77-kV) power transmission voltage is changed to a 6.6-kV power
distribution voltage by using a line-frequency transformer.
Many distributed power generators, representing primarily pho-
tovoltaics (PV), are expected to be installed on these radial
feeders in the near future. Here, feeder A has many distributed
generators, whereas feeder B has no distributed generators. As
a result, the grid voltage at the load end of feeder A increases,
whereas that of feeder B decreases. This voltage imbalance
would make it difficult for both feeders to comply with the
Japanese utility voltage code [1].

To solve the aforementioned problem, a power-flow controller
based on a back-to-back (BTB) system has been presented in
[1]. In general, a BTB system for power transmission systems is
equipped with line-frequency transformers for voltage match-
ing and galvanic isolation. On the other hand, a BTB system for
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Fig. 1. 6.6-kV power distribution system consisting of two radial feeders
equipped with a BTB system.

power distribution systems should reduce the size, weight, and
volume because it is expected to be mounted on electric poles in
the power distribution systems. The primary distribution trans-
former provides the function of galvanic isolation between the
66-kV transmission system and the 6.6-kV distribution system.
Hence, the BTB system should not have any line-frequency
transformer because the weight of the transformer is 3000–
4000 kg per 1 MVA, while that of the converter is 1000–
2000 kg per 1 MVA [2]. Note that a transformerless BTB sys-
tem produces an amount of zero-sequence current circulating
between feeders because the 6.6-kV power distribution systems
in Japan are based on a three-phase ungrounding system.

The authors of this paper have presented a transformerless
BTB system using two modular multilevel cascade converters
based on double-star chopper cells (MMCC-DSCC, referred to
simply as the DSCC) [3]. The DSCC is also called as a mod-
ular multilevel converter (MMC), but this paper uses the term
“DSCC” to identify it more clearly, according to [4]. The valid-
ity and effectiveness of the transformerless DSCC-based BTB
system under normal operating conditions have been confirmed
by a downscaled system rated at 200 V and 10 kW along with
a three-phase 200-V, 40-kW power distribution simulator con-
sisting of two radial feeders [3].

On the other hand, the BTB system should be equipped
with low-voltage ride-through (LVRT) and/or zero-voltage ride-
through (ZVRT) capability during voltage sags caused by grid
faults. Note that no dc fault would occur at the BTB system be-
cause its dc-link line is zero meter long from a practical point of
view. The grid faults would be accompanied by undesirable sit-
uations such as overcurrent of the feeder or the ac-mains current
and overvoltage of power devices used in the converter.
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Some papers have focused on control, modeling, and per-
formance of the DSCC-based BTB system or high-voltage
direct-current system during voltage sags using different control
strategies in the literature [5]–[13]. For example, a current con-
troller such as a proportional-integral-resonant controller [10]
or a proportional-plus-resonant controller [11] has been applied
to the system for mitigating a specific frequency component
in the circulating current. A simple proportional-plus-integral
(PI) controller has been applied to suppress the zero-sequence
current under unbalanced voltage conditions in [9]. However,
they confirmed the validity of their papers by carrying out com-
puter simulation without experimental verification. In addition,
they have made no careful comparison between experiment and
simulation for the purpose of guaranteeing and enhancing their
reliability, especially the dynamic behavior of the zero-sequence
current during different faults.

The aim of this paper following [3] is to provide experimental
verification of a transformerless DSCC-based BTB system un-
der voltage sags, in which the following most severe conditions
are considered:

1) a single-phase voltage sag with a voltage depth of 100%;
2) a two-phase voltage sag with a voltage depth of 100%;
3) a three-phase balanced voltage sag with a voltage depth

of 100%.
Theoretical analysis is also carried out to reveal the re-

lations of voltage, current, and power during voltage sags.
Moreover, computer simulation using a software package
“PSCAD/EMTDC” has been carried out, the aim of which is not
only to verify the validity of the theoretical analysis developed
in this paper but also to guarantee and enhance the reliabil-
ity of experiments obtained by using a 200-V 10-kW down-
scaled system. Both experimental and simulated results show
that the DSCC-based transformerless BTB system is equipped
with ZVRT capability even under the most severe voltage sags
without inducing any overvoltage and/or overcurrent. Moreover,
the zero-sequence current during voltage sags can be mitigated
to be as small as 16 mA (0.05%) in rms, which is small enough
to be negligible compared to the rated feeder current of 30 A.

II. CIRCUIT CONFIGURATION AND ZERO-SEQUENCE CURRENT

A. Circuit Configuration

Fig. 2(a) shows the circuit configuration for a DSCC-based
BTB system used in experiments and simulations. Table I sum-
marizes the circuit parameters of Fig. 2(a). Fig. 2(a) is a simpli-
fied model of Fig. 1, in which the following reasonable assump-
tions are made:

1) the line-frequency transformer is modeled by an ideal volt-
age source presenting no background system inductance
and leakage inductance;

2) the impedances in feeder A and feeder B are neglected,
while two ac-link inductors are used to connect the feeders
and the BTB system;

3) the currents flowing to the loads or flowing out from the
distributed power generators are set to zero.

The first assumption is realized by using the three single-
phase ac power supplies (Kikusui PCR8000W), which can pro-

Fig. 2. Circuit configuration for the DSCC-based BTB system with a cascade
count of n = 16. (a) Main circuit. (b) Chopper cell. (c) Center-tapped inductor.

TABLE I
CIRCUIT PARAMETERS OF FIG. 2

Rated power of the DSCCs P 10 kW
Nominal line-to-line rms voltage VS 200 V
Nominal line frequency fS 50 Hz
Cascade count per leg n 16
AC-link inductor L ac 2 mH (16%)*
Center-tapped inductor LZ 3 mH (24%)*
DC-link voltage reference V ∗

dc 400 V
DC-capacitor of each chopper cell C 6.6 mF
DC-capacitor voltage reference V ∗

C 50 V (= 400 V/8)
Unit capacitance constant [17] HC 40 ms at 50 V
Triangular carrier frequency fC 450 Hz
Equivalent carrier frequency 16fC 7.2 kHz
Dead time (blanking time) Td 8 μs
Common-mode choke LCM 77 mH at 3.6 kHz
at common dc link, 400 V, 25 A (113 mH at 50 Hz)

∗ on a three-phase, 200-V, 10-kW, 50-Hz base.

duce a three-phase voltage with an arbitrary amplitude, fre-
quency, and phase. Hence, it is possible to simulate any kind of
voltage sags.

Each leg of DSCC-A and DSCC-B consists of 16 cascaded
chopper cells that are depicted in Fig. 2(b), and a center-tapped
inductor LZ shown in Fig. 2(c). Each chopper cell consisting
of a dc capacitor and two power devices forms the so-called
“bidirectional chopper.” Here, vSuv is the ac mains line-to-line
voltage, vuvA is the line-to-line voltage produced by DSCC-A,
vjuA is the low-voltage-side voltage of each chopper cell, and
vC juA is the high-voltage-side voltage of each chopper cell.
Two terminals of the center-tapped inductor, “P” and “N” are
connected to the positive and negative arms, respectively, and
the center-tap terminal is connected to the corresponding ac-
link inductor sitting at the front end of DSCC-A. The common-
mode choke LCM is connected to the common dc link between
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DSCC-A and DSCC-B. vdc is the dc-link voltage, and vCM is
the common-mode voltage. The ac sides of the DSCCs are
connected to the common ac mains via ac-link inductors Lac.

In Fig. 2(a), iP uA and iN uA are the u-phase positive and
negative arm currents of DSCC-A, respectively, iSuA is the u-
phase ac mains current of DSCC-A and iZuA is the circulating
current of DSCC-A related to the u-phase leg, which is defined
in [14]. Note that iP uA , iN uA , and iSuA are branch currents,
while iZuA is the loop current that cannot be measured directly.
The following equations are obtained as

iP uA = iZuA − iSuA

2
(1)

iN uA = iZuA +
iSuA

2
. (2)

From (1) and (2), iSuA and iZuA are given by

iSuA = −iP uA + iN uA (3)

iZuA =
1
2
(iP uA + iN uA ). (4)

The dc-link currents iP dc and iN dc in Fig. 2 can be expressed
from Kirchhoff’s current law (KCL) as follows:

iP dc = −
∑

x=u,v ,w

iP xA =
∑

x=u,v ,w

iP xB (5)

iN dc = −
∑

x=u,v ,w

iN xA =
∑

x=u,v ,w

iN xB . (6)

B. Zero-Sequence Current

A zero-sequence current i0 may flow when two load ends of
feeder A and feeder B are connected by a transformerless BTB
system, in which i0 is defined as

i0 =
∑

x=u,v ,w

iSxA

=

(
−

∑

x=u,v ,w

iP xA +
∑

x=u,v ,w

iN xA

)

= iP dc − iN dc. (7)

Fig. 3(a) shows an equivalent circuit with a focus on zero-
sequence components derived from Fig. 2 [3]. Here, each arm is
represented by a voltage source (e.g., vP uA or vN uA ), which is
the sum of low-voltage-side voltages of the corresponding chop-
per cells. It should be noted that i0 circulates through feeder A
and feeder B, and no zero-sequence current flows in the com-
mon ac mains because the 6.6-kV utility distribution systems
in Japan are based on a three-phase ungrounding system. The
following assumptions are made in Fig. 3(a):

1) passive-component tolerances and lead-wire resistances
are neglected;

2) each phase has the same ac inductance of Lac;
3) the effect of the center-tapped inductor Lz on the zero-

sequence current i0 is neglected.
With these assumptions, Fig. 3(a) can be changed into

Fig. 3(b), where v0 is a zero-sequence voltage produced by
each DSCC. The detail on how to derive Fig. 3(b) is given in

Fig. 3. Conceptual circuits for zero-sequence components. (a) Conceptual
circuit derived from Fig. 2. (b) Simpler conceptual circuit.

Fig. 4. Block diagrams of power control and zero-sequence current control
used in DSCC-A.

[3]. It should be noted that Fig. 3 is not an equivalent circuit of
the BTB system, but a “conceptual circuit” for explaining the
relationship between v0 , vCM, and i0 .

The zero-sequence current i0 contains low-frequency compo-
nents less than 1 Hz and switching-ripple components around
several kilohertz. Ideally, i0 contains no low-frequency compo-
nents less than 1 Hz. However, they occur in the actual system
due to the effect of passive-component tolerances, lead-wire re-
sistances, tolerances in switching characteristics, and so on. This
low-frequency component should be suppressed by applying the
conventional PI control, in which v∗

0 is the common voltage ref-
erence that is determined by the feedback control of i0 and
its reference i∗0 = 0 as shown in Fig. 4. On the other hand, the
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switching-ripple components around several kilohertz should be
suppressed by using the appropriately designed common-mode
choke LCM connected to the common dc link [3]. The observed
waveform of i0 includes high- and low-frequency components,
as shown in Figs. 13 and 14.

The following important conclusion is obtained from Fig. 3
about the zero-sequence current during voltage sags:

1) the zero-sequence current flowing through feeders are not
affected by the ac mains voltage even during voltage sags
as long as DSCC-A and DSCC-B can produce the zero-
sequence voltage v0 (= v∗

0). In other words, an amount of
zero-sequence current flowing during voltage sags is the
same as that flowing under normal operating conditions,
theoretically.

C. Selection of LCM

As mentioned earlier, the zero-sequence current i0 contains
switching-ripple components around several kilohertz caused
by PWM operation. The rms value of the switching-ripple cur-
rent should be less than 0.02% of the rated ac current in the
actual system to avoid malfunction of grounding-detection re-
lays [3]. This means that the rms value of i0 should be as small as
10 mA in the experimental system because the rated ac current
is 30 A. The following relation comes into existence in Fig. 3(b)
between vCM and i0 as

i0 =
1

LCM

∫
vCMdt. (8)

Here, the peak value of vCM is equal to 25 V (400 V/16) and
the switching frequency is 3.6 kHz [3]. The aforementioned
equation means that LCM should satisfy the following equation:

25V√
2

= 2π × 3.6 kHz × LCM × 10 mA

LCM = 78 mH. (9)

Hence, this paper designs the common-mode choke so that LCM

is 78 mH at 3.6 kHz. Note that LCM corresponds to a magnetizing
inductance value in a typical transformer without air gap. This
explains why the inductance value is so large. However, the size
and volume of the common-mode choke are small as illustrated
in [3].

III. POWER ANALYSIS OF THE BTB SYSTEM

A. Problems During Voltage Sags

The transformerless BTB system may be faced with the fol-
lowing problems during voltage sags:

1) an increase in the zero-sequence current;
2) an increase in the ac mains current;
3) an increase or decrease in the dc-capacitor voltage.
The first problem may induce the malfunction of grounding-

detection relays. However, this problem can be avoided as long
as the BTB system can produce a satisfactory amount of zero-
sequence voltage, as mentioned earlier. Experiments and simu-
lations carried out in the later section will verify that the BTB

Fig. 5. Relation of instantaneous active powers in Fig. 2.

system can suppress the zero-sequence current even during volt-
age sags.

The second problem would make it difficult for the BTB sys-
tem to achieve continuous operation during voltage sags because
it may trip the overcurrent protection of the BTB system.

The increase or decrease in the dc-capacitor voltage is not
desirable for the BTB system owing to the following reasons:

1) it affects the voltage rating of power devices;
2) it causes overmodulation of each chopper cell, making

it difficult for the BTB system to produce an adequate
amount of zero-sequence voltage during voltage sags.

B. Solution for the Aforementioned Problems

Let us focus on the relationship between instantaneous active
powers flowing at the ac and dc sides of DSCC-A and DSCC-B.
Fig. 5 shows the relationship between powers, in which pacA

is the instantaneous active power flowing from the common ac
mains to DSCC-A, pdc the one flowing from DSCC-A to DSCC-
B at the dc link, and pacB is the one flowing from DSCC-B to
the ac mains. They are given by

pacA = vSdiSdA + vSq iSqA (10)

pdc = vdciP dc = vdciN dc (11)

pacB = vSdiSdB + vSq iSqB . (12)

Here, vSd and vSq are the d- and q-axes components of the com-
mon ac mains, respectively, iSdA and iSqA are the d- and q-axes
components of the ac mains current of feeder A, respectively,
and iSdB and iSqB are those of the ac mains current of feeder
B, respectively.

The following equation comes into existence under normal
operating conditions:

pacA = pdc = pacB (13)

in which losses in power devices and passive components as
well as the effect of ac-link inductors are neglected. However,
(13) does not necessarily hold true during voltage sags because
the DSCC itself is equipped with many dc capacitors acting as
an energy buffer. This difference in power will be inevitably
absorbed into or released from each dc capacitor, resulting in
causing voltage fluctuation of each dc-capacitor voltage. In other
words, the voltage fluctuation can be avoided if the relation (13)
exists during voltage sags.

Similarly, the amplitude of the ac mains current does not
increase (or decrease) during voltage sags, theoretically, as long
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as the relation (13) exists due to the following reason: the d- and
q-axes current references for the ac mains currents of DSCC-
A and DSCC-B, i∗SdA , i∗SdB , i∗SqA , and i∗SqB are given from
Fig. 4 by

i∗SdA = i∗SdB =
p∗

VS
+ Kp(v∗

C − vC ) + Ki

∫
(v∗

C − vC )dt

(14)

i∗SqA = i∗SqB = 0. (15)

Here, p∗ is the reference for an instantaneous active power
flowing from DSCC-A to DSCC-B. VS is the rms voltage of the
ac mains voltage during normal operating condition (= 200 V)
as listed in Table I. Kp and Ki are the proportional and inte-
gral gains used for the overall voltage control presented in [16],
respectively, and vC is the arithmetical average voltage of all
the dc capacitors used in DSCC-A and DSCC-B, and v∗

C is its
reference as shown in Fig. 4. The second and third terms on
the right-hand side in (14) correspond to an active power ex-
changed between the dc and ac sides of the DSCCs. vC in (14)
will be kept constant even during voltage sags if the relation
(13) comes into existence. This means that the amplitudes of
the current references does not change even during voltage sags
so long as (13) exists. It should be noted that the application
of decoupled current control makes it possible to make the ac-
tual d- and q-axes currents of the ac mains currents of DSCC-A
and DSCC-B, iSdA , iSdB , iSqA , and iSqB follow the references
without any steady-state error.

On the other hand, the instantaneous reactive powers of
DSCC-A and DSCC-B are expressed as follows:

qacA = vSdiSqA − vSq iSdA (16)

qacB = vSdiSqB − vSq iSdB (17)

Here, the second terms of the right-hand sides in (16) and (17)
are much smaller than those of the first terms. This means that
each of the instantaneous reactive powers can be controlled
by adjusting i∗SqA or i∗SqB . This paper sets i∗SqA = i∗SqB = 0
as shown in (15) so that the instantaneous reactive powers of
DSCC-A and DSCC-B are controlled to be zero. However, the
instantaneous reactive power can be controlled to be an arbitrary
value by adjusting i∗SqA or i∗SqB .

The traditional synchronous reference frame phase-locked
loop (SRF-PLL) circuit is used for the synchronization between
the BTB system and the ac-mains voltage in experiments and
simulations. It utilizes vSq as an input signal to produce the
phase information synchronized to the ac mains voltage. This
means that the PLL circuit is affected by voltage sags because
vSq during voltage sags contains 100-Hz component, which is
not desirable for the PLL circuit. To avoid undesirable effect
caused by voltage sags, control gains of the PLL circuit were set
appropriately so that the effect of 100-Hz component included
in vSq be minimized [18].

C. How to Achieve (13) During Voltage Sags

It is obvious from the foregoing discussion that the relation
(13) should hold true not only under steady-state conditions

but also under transient-state conditions such as just after the
occurrence of voltage sags. The second terms on the right-hand
sides in (10) and (12) are negligible compared to the first terms
even during voltage sags, thus simplifying both equations into

pacA � vSdiSdA (18)

pacB � vSdiSdB . (19)

Here, vSd is a variable that the BTB system cannot change, and
iSdA and iSdB are kept constant in amplitude during voltage
sags as predicted from (14) and (15). Note that vSd is a con-
stant value of VS under normal operating conditions, while it
consists of a dc component that is below VS and an amount
of second-order components (=100 Hz) stemming from unbal-
anced voltages under voltage sags. This results in the relation
pacA = pacB during the sags because iSdA and iSdB are kept
constant in amplitude.

On the other hand, vdc in (11) is given by the following
equation [16]:

vdc =
nvC

2
(20)

where the switching-ripple components included in vdc are ne-
glected. Equation (20) shows that vdc is a constant dc voltage
when vC is regulated to its reference value.

Equation (11) and the foregoing discussion clearly indicate
that the BTB system should adjust i∗P dc (= i∗N dc) appropriately
to realize the relation (13). This paper gives i∗P dc (= i∗N dc) as

i∗P dc = i∗N dc = (vSdi
∗
SdA )/

(
nvC

2

)
. (21)

Here, vSdi
∗
SdA corresponds to the reference for pacA and pacB .

Substituting (20), (21), and the relation iSdA = i∗SdA into (11)
yields

pdc = vSdiSdA = pacA = pacB . (22)

Hence, the relation (13) comes into existence even during volt-
age sags by giving i∗P dc and i∗N dc as (21).

D. DC-Capacitor Voltage Control

The dc-capacitor voltage control used in this paper has been
presented in [16]. It can be divided into the following parts:

1) overall capacitor-voltage control;
2) arm-balancing control [15];
3) individual-balancing control [15].
The voltage references obtained from dc-capacitor voltage

control are added into the voltage references v∗
uA , v∗

vA , and v∗
wA

obtained from power control and zero-sequence current control
shown in Fig. 4. Then, they are compared with a triangular-
carrier waveform of fC to generate the gate signals to drive
192 (= 16 cells/leg × 2 switches/cells × 3 legs/converter × 2
converters) power switching devices.

IV. POWER EQUATIONS DURING VOLTAGE SAGS

A. When Single-Phase Voltage Sag Occurs

The line-to-neutral voltages of the common ac mains voltage
as shown in Fig. 2 using the common reference (M) under
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single-phase voltage sags are represented as

⎡

⎣
vSu

vSv

vSw

⎤

⎦ =

√
2
3
VS

⎡

⎢⎢⎢⎢⎢⎣

(1 − D) sin ωt

sin
(

ωt − 2
3
π

)

sin
(

ωt +
2
3
π

)

⎤

⎥⎥⎥⎥⎥⎦
(23)

applying the three-phase/two-phase and the d − q transforma-
tions to (23) (see Appendix), hence, the d- and q-axes compo-
nents vSd and vSq under single-phase voltage sags are expressed
as

[
vSd

vSq

]
= VS

⎡

⎢⎢⎣
1 − D

3
+

D

3
cos 2ωt

D

3
sin 2ωt

⎤

⎥⎥⎦. (24)

Here, VS is the rms value of the line-to-line ac mains voltage,
D is a variable related to the depth of voltage sags, and ω is the
angular frequency of the ac mains voltage. The relation D = 0
exists under normal operating conditions, while that of D = 1
exists during the most severe voltage sag with a 100% voltage
depth.

On the other hand, the d-axis component of ac mains current
of DSCC-A, iSdA , is given by the following equation when iSqA

is set to zero.

i∗SdA =
√

3IS . (25)

It should be noted that the following two assumptions are made
to introduce (25):

1) the amplitudes of iSdA and iSqA during voltage sags are
kept constant to the values under normal operating condi-
tions.

2) the currents follow the references without any error even
during transient states.

Substituting (24) and (25) into (22) with the relation (13)
yields

pacA = pdc = pacB =
√

3VS IS

(
1 − D

3
+

D

3
cos 2ωt

)
. (26)

Here, the 100-Hz component (= 2ω) in (26) corresponds to
the negative-sequence reactive power produced by unbalanced
voltage.

B. When Two-Phase Voltage Sag Occurs

The line-to-neutral voltages under two-phase voltage sags are
represented as

⎡

⎣
vSu

vSv

vSw

⎤

⎦ =

√
2
3
VS

⎡

⎢⎢⎢⎢⎢⎢⎣

(1 − D) sin ωt

(1 − D) sin
(

ωt − 2
3
π

)

sin
(

ωt +
2
3
π

)

⎤

⎥⎥⎥⎥⎥⎥⎦
(27)

whereas vSd and vSq under two-phase voltage sags are given by

[
vSd

vSq

]
= VS

⎡

⎢⎢⎣
1 − 2D

3
+

D

3
cos 2ωt

D

3
sin

(
2ωt +

π

3

)

⎤

⎥⎥⎦. (28)

Similar to the single-phase voltage sag, the instantaneous active
powers at the dc and ac sides of the BTB system during voltage
sags are expressed as

pacA = pdc = pacB

=
√

3VS IS

(
1 − 2D

3
+

D

3
cos

(
2ωt +

π

3

))
. (29)

We can observe that an amount of dc component that decreases
during two-phase voltage sag is twice of that during single-phase
voltage sag under the same value of D, while the ac components
are the same between the two sags in terms of amplitudes.

C. When Three-Phase Balanced Voltage Sag Occurs

The line-to-neutral voltages under three-phase voltage sags
are represented as

⎡

⎣
vSu

vSv

vSw

⎤

⎦ =

√
2
3
VS

⎡

⎢⎢⎢⎢⎢⎣

(1 − D) sin ωt

(1 − D) sin
(

ωt − 2
3
π

)

(1 − D) sin
(

ωt +
2
3
π

)

⎤

⎥⎥⎥⎥⎥⎦
(30)

whereas vSd and vSq under three-phase balanced voltage sags
are given by

[
vSd

vSq

]
= VS

[
1 − D

0

]
. (31)

Similar to the single-phase and two-phase voltage sags, the
instantaneous active powers at the dc and ac sides of the BTB
system during voltage sags are expressed as

pacA = pdc = pacB =
√

3VS IS (1 − D). (32)

No ac component occurs in power under three-phase balanced
voltage sag, while the dc component decreases to zero under the
most severe voltage sag of D = 1.

V. EXPERIMENT AND SIMULATION

A. Implementation of the DSCC-Based System

Figs. 6–14 show experimental or simulated waveforms of
the DSCC-based BTB system shown in Fig. 2. The details of
the digital control system including how to achieve the balance
of all the floating dc-capacitor voltages, PWM modulation, and
measurement system applied are given and discussed thoroughly
in [3]. A software package “PSCAD/EMTDC” is used, in which
all the circuit parameters and the control gains are the same as
those used in experiments. Moreover, the following items are
considered:

1) a delay time of 140 μs (= 1/(450 Hz × 16)), which is
inherent in the digital control system;
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Fig. 6. Experimental waveforms of rectification in DSCC-A during the single-
phase voltage sag with a voltage depth of 100% where p∗ = 10 kW and
q∗ = 0 kVA.

2) a dead or blanking time of 8 μs;
3) each chopper cell using ideal power switches.

B. ZVRT Capability During Voltage Sags

1) When a Single-Phase Voltage Sag Occurs: Figs. 6 and
7 show experimental and simulated waveforms of rectification
in DSCC-A under the condition that a single-phase voltage sag
with a voltage depth of D = 1 and a duration of 100 ms oc-
curs in the u-phase ac mains line-to-neutral voltage vSu where
p∗ = 10 kW and q∗ = 0 kVA. As a result, the amplitudes of
vSuv and vSwu , which are the ac mains line-to-line voltages,
decrease 1/

√
3 compared with the normal operating conditions,

and a phase jump of 30◦ occurs at the same time. A comparison

Fig. 7. Simulated waveforms of rectification in DSCC-A during the single-
phase voltage sag with a voltage depth of 100% where p∗ = 10 kW and
q∗ = 0 kVA.

of Fig. 6 with Fig. 7 reveals that both results agree well with
each other in detail. The similarities that exist between the ex-
perimental and simulated results guarantee the validity of both
the computer simulations and the experiments carried out in this
paper. Hence, the following describes only the experimental re-
sults of Fig. 6.

The u-phase ac mains current iSuA looks purely sinusoidal
even during the voltage sag, and the total harmonic distortion
value is as small as 0.57%. The reason of this is that line-to-line
voltages produced by DSCC-A, e.g., vuvA , are multilevel PWM
waveforms with a voltage step of 25 V (= 400 V/16) even during
voltage sags as shown in Fig. 6. Moreover, the amplitude of iSuA

during the sag is the same as that under the normal operating
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Fig. 8. Experimental waveforms of the circulating currents iZ uA , iZ v A , and
iZ w A during the single-phase voltage sag with a voltage depth of 100%, where
p∗ = 10 kW and q∗ = 0 kVA.

conditions owing to the fact that the relation pacA = pdc holds
true even during the sag.

The arm currents iP uA and iN uA contain the dc compo-
nent, the 50-Hz fundamental frequency component, the 100-Hz
second-order frequency component, and the 3.6 kHz (= 450 Hz
× 8) switching-ripple components resulting from PWM oper-
ation. The 50-Hz components in iP uA and iN uA are out of
phase by 180◦ and cancel each other out in the circulating cur-
rent iZuA , as predicted from (4). The dc component in iZuA

decreases during the voltage sag compared to the normal oper-
ating conditions.

Fig. 8 shows experimental waveforms of the circulating cur-
rents iZuA , iZ vA , and iZwA under the same operating condition
as Fig. 6. It is obvious from Fig. 8 that the dc components
included in each of the circulating currents are different in am-
plitudes during the sag, while those under the normal operating
conditions are the same in amplitudes. This phenomenon occurs
when a negative-sequence reactive power is flowing inside the
DSCC [19]. The DSCC can produce a negative-sequence reac-
tive power by adjusting two circulating currents flowing inside
the DSCC [19].

The dc-capacitor voltages vC 1uA and vC 9uA contain both a dc
component of 50 V and ac components, in which the dominant
frequencies are 50 and 100 Hz. It can be seen from Fig. 6 that
the amplitudes of the dc and ac components do not change even
during the sag because the relation pacA = pdc holds true. As a
result, the mean value of the dc-link voltage vdc is regulated at
400 V as guessed from (20).

The dc-link current iP dc (= iN dc) contains both dc and
100-Hz ac components during voltage sags. The dc compo-
nent is reduced to two-third compared to the normal operating
conditions as guessed from (21) and (24). On the other hand, the
100-Hz ac component with the amplitude of 8.33 A (= 25 A/3)
occurs in iP dc as shown in Fig. 6. The waveforms of iP dc and the
dc-link power pdc are similar figures except for a small amount
of switching-ripple components included in pdc. Moreover, the
relation pdc = pacA exists not only under the steady-state con-
ditions but also under the transient conditions.

2) Two-Phase Voltage Sag: Figs. 9 and 10 show experimen-
tal and simulated waveforms of rectification in DSCC-A under
the condition that a two-phase voltage sag with a voltage depth
of D = 1 and a duration of 100 ms occurs in the u- and v-
phase ac mains line-to-neutral voltages, vSu and vSv , where
p∗ = 10 kW and q∗ = 0 kVA. As a result, the amplitude of vSuv

is zero and those of vSvw and vSwu are 1/
√

3 compared with
the normal operating conditions. Moreover, vSvw and vSwu are
out of phase by 180◦ each other.

Fig. 9. Experimental waveforms of rectification in DSCC-A during the two-
phase voltage sag with a voltage depth of 100%, where p∗ = 10 kW and
q∗ = 0 kVA.

A comparison of Fig. 9 with Fig. 10 reveals that both results
agree well with each other in detail. The amplitude of iSuA

during the voltage sag is the same as that under the normal oper-
ating conditions, and no overvoltage occurs in the dc-capacitor
voltage vC 1uA and vC 9uA even under such a severe condition.
The other waveforms are similar to those in Figs. 6 and 7.

3) When a Three-Phase Balanced Voltage Sag Occurs:
Figs. 11 and 12 show experimental and simulated waveforms of
rectification in DSCC-A under the condition that a three-phase
balanced voltage sag with a voltage depth of D = 1 and a du-
ration of 100 ms occurs in the u-, v-, and w-phase ac mains
line-to-neutral voltages, where p∗ = 10 kW and q∗ = 0 kVA.
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Fig. 10. Simulated waveforms of rectification in DSCC-A during the two-
phase voltage sag with a voltage depth of 100%, where p∗ = 10 kW and
q∗ = 0 kVA.

As a result, the amplitudes of vSuv , vSvw , and vSwu are reduced
to zero at the same time. This means that the DSCC-based BTB
system receives no power from the ac mains during this period.
However, the BTB system can still keep the amplitude of iSuA

to a constant value even during the sag as shown in Fig. 11. This
can be achieved by using (discharging) an energy stored in each
capacitor.

While no overvoltage occurs in the dc-capacitor voltage
vC 1uA and vC 9uA , their dc components decrease gradually from
the rated value of 50 V due to the existence of losses in the con-
verter. As a consequence, the mean value of the dc-link voltage

Fig. 11. Experimental waveforms of rectification in DSCC-A during the three-
phase balanced voltage sag with a voltage depth of 100%, where p∗ = 10 kW
and q∗ = 0 kVA.

also decreases gradually from the rated value of 400 V with
the passage of time. However, they go back to the nominal val-
ues (i.e., 50 or 400 V) quickly when the ac mains voltages are
restored. This result clearly shows that the DSCC-based BTB
system is equipped with enough ZVRT capability even when no
active power is fed from the ac mains.

C. Zero-Sequence Current During Voltage Sags

Figs. 13 and 14 show experimental and simulated waveforms
of the zero-sequence current i0 under different voltage sags,
respectively. Figs. 13(a) and 14(a) show the waveform of i0
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Fig. 12. Simulated waveforms of rectification in DSCC-A during the three-
phase balanced voltage sag with a voltage depth of 100%, where p∗ = 10 kW
and q∗ = 0 kVA.

under the same operating condition as Figs. 6 and 7 (i.e., single-
phase sag), Figs. 13(b) and 14(b) show that of i0 under the same
operating condition as Figs. 9 and 10 (i.e., two-phase sag), and
Figs. 13(c) and 14(c) show that of i0 under the same operating
condition as Figs. 11 and 12 (i.e., three-phase balanced sag).

As mentioned earlier, the zero-sequence current is not af-
fected by any kind of voltage sags theoretically, because the
6.6-kV utility distribution systems in Japan are based on a three-
phase ungrounding system. Figs. 13 and 14 clearly show that i0
does not increase or decrease during the sags, and the rms value
of i0 is 10–16 mA, which is 0.02–0.05% of the rated ac-mains
current of 30 A. These results verify the validity of Fig. 3 that

Fig. 13. Experimental waveforms of the zero-sequence current i0 under dif-
ferent voltage sags, where D = 1, p∗= 10 kW, and q∗ = 0 kVA. (a) Single-phase
sag. (b) Two-phase sag. (c) Three-phase balanced sag.

Fig. 14. Simulated waveforms of the zero-sequence current i0 under different
voltage sags where D = 1, p∗= 10 kW, and q∗ = 0 kVA. (a) Single-phase sag.
(b) Two-phase sag. (c) Three-phase balanced sag.

is a conceptual circuit of the DSCC-based BTB system with
a focus on the zero-sequence voltage and current introduced
in [3].

VI. CONCLUSION

This paper has described a BTB system for power distribu-
tion systems using modular multilevel cascade converters based
on DSCC, devoting itself to the analysis during voltage sags.
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A control method is proposed to suppress both overvoltage and
overcurrent of the DSCC-based BTB system during the sags.
The validity and effectiveness of the control method devel-
oped in this paper have been confirmed by experiments using
a 200-V 10-kW downscaled system designed and developed
in the authors’ lab, and simulation using a software package
“PSCAD/EMTDC.” The results obtained from experiments and
simulations show that the DSCC-based BTB system is equipped
with ZVRT capability even under the most severe voltage sags.

APPENDIX

A. Derivation of (24)

The following expression can be used to transform the three-
phase stationary reference frame (abc-frame) to the synchronous
reference frame (d-q frame):

[
vSd

vSq

]
=

[
Tdq

][
Tαβ

]
⎡

⎣
vSu

vSv

vSw

⎤

⎦ (33)

where

[
Tαβ

]
=

√
2
3

[
1 −1/2 −1/2

0
√

3/2 −
√

3/2

]
(34)

and

[
Tdq

]
=

[
sinωt − cos ωt
cos ωt sin ωt

]
. (35)
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