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Abstract— This paper describes the next-generation 6.6-kV
transformerless energy storage system based on a cascade multi-
level PWM converter with star configuration. The system is in-
tended to make power systems reliable and efficient, as well as to
improve power quality. The paper pays attention to active-power
control and voltage-balancing control that are indispensable for
proper operation of the energy storage system. A 200-V, 10-kW,
8.8-kJ downscaled laboratory system is designed, constructed,
and tested, replacing EDLCs (electric double layer capacitors)
with large-capacity electrolytic capacitors. Experimental results
obtained from the laboratory system verify the viability and
effectiveness of the 6.6-kV energy storage system.

Index Terms— Active-power control, cascade PWM converter,
EDLC, energy storage system, voltage-balancing control.

I. I NTRODUCTION

Energy storage systems can level uneven active-power flow,
improve transient and dynamic stability, and make power
systems reliable [1]-[9]. Power quality can be significantly im-
proved by storing electrical energy from the grid or delivering
it to the grid, as and when it is required, in a range of a few
seconds up to a minute.

There are three major static energy storage devices; bat-
teries, superconducting magnetic coils, and EDLCs (electric
double layer capacitors) [10]-[13]. Although leading-edge Li
(lithium)-ion batteries offer better energy densities and in-
creased cycling capabilities, they are not yet cost-effective
for high-power applications at present. Moreover, design en-
gineers face the challenge to overcome poor low-temperature
performance and limited lifetime. SMES (superconducting
magnetic energy storage) systems [14][15] have high effi-
ciency and fast response capability. However, the overall
system is costly for short-term energy storage applications,
because the refrigerating unit as well as the magnetic coils is
complex and expensive.

In an area of energy storage, the EDLC is emerging as a
promising device [16][17]. It provides a simple solution to
buffer a short-term mismatch in active power between supply
and demand. An EDLC bank has a specific energy density
of 5 Wh/kg and a specific power density of up to 20 kW/kg.
Recent advances in EDLCs has made it suitable to put them
into short-term high-power energy storage applications at
reasonable cost.

However, since a single EDLC-cell voltage is as low as
around 2.5 V, many cells connected in series are required
to reach a desirable EDLC-bank voltage. Many EDLC cells
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Fig. 1. Feasible circuit configuration of the 6.6-kV, 1-MW transformerless
energy storage system based on a cascade multi-level PWM converter using
120 IGBTs rated at 1.2 kV and 200 A.

with unequal capacitance values might lead to cell-voltage
imbalance because a common dc current flows through the
series-connected EDLC cells. This problem can be mitigated
by replacing a traditional two-level converter with a modern
multi-level converter. The use of the multi-level converter
makes individual EDLC-bank voltages low with easy series
connection of EDLC cells. Besides, its transformerless circuit
structure allows direct connection to a medium-voltage grid
with less voltage/current harmonics without bringing any
increase in voltage rating to individual switching devices.

The goal of this research project is to realize the 6.6-kV
transformerless energy storage system based on a cascade
mulit-level PWM (pulsewidth modulation) converter with star
configuration. The authors of [18] presented a motor drive
system based on a cascade multi-level SCM (staircase mod-
ulation) converter. However, unequal converter losses and/or
background harmonic and negative-sequence voltages might
make individual dc voltages unbalanced. This problem would
get more prominent when the converter absorbs an active
power from the grid, or releases it to the grid.
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Fig. 2. Experimental system configuration of the 200-V, 10-kW, 8.8-kJ
downscaled energy storage system with a cascade number ofN = 3.

TABLE I

CIRCUIT PARAMETERS OF THE EXPERIMENTAL SYSTEM RATED ON200 V,

10 KW AND 50 HZ.

Nominal line-to-line rms voltage VS 200 V
Power rating P 10 kW
Cascade number N 3
AC inductor LAC 1.2 mH (10%)
Background system inductance LS 48 µH (0.4%)
Starting resistor R 10 Ω (250%)
DC voltage VC 65 ∼ 80 V
DC capacitor C 0.9 F
Unit capacitance constant [20] H 2.6 s at 80 V
PWM carrier frequency 1 kHz
Equivalent carrier frequency 6 kHz

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

This paper addresses voltage-balancing control for the en-
ergy storage system based on the cascade multi-level PWM
converter, with focus on a design procedure of control gains
and parameters. Star configuration is chosen instead of delta
configuration so as to minimize the number of converter
cells connected in cascade. However, star configuration makes
voltage-balancing control much more complicated than delta
configuration. Experimental results obtained from a three-
phase, 200-V, 10-kW, 8.8-kJ laboratory model using large-
capacity electrolytic capacitors confirm the feasibility of the
6.6-kV energy storage system.

II. D ESIGN CONCEPT OF THE6.6-KV SYSTEM

Fig. 1 shows the 6.6-kV energy storage system using
EDLCs. This system is based on the cascade connection of
10 single-phase H-bridge PWM converter cells per phase. The
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Fig. 3. Control system for the 200-V energy storage system.

so-called “asymmetrical cascade converter” with binary-scale
EDLC-bank voltages might be attractive in lower harmonics
and reduced switching loss [19]. The authors of this paper,
however, prefer the symmetrical cascade converter to the
asymmetrical cascade converter in terms of having the same
EDLC-bank voltage. The ac voltage of each converter cell is
6, 600/10

√
3 = 381 V. This allows the use of 1.2-kV IGBTs

(insulated-gate bipolar transistors) that are available on the
market at reasonable cost. The maximal EDLC-bank voltage
would be limited to about 750 V from a practical point of
view, because a higher-voltage EDLC bank has difficulty in
achieving voltage balancing of many series-connected EDLC
cells. The ac voltage cascaded results in a 21-level waveform
in line-to-neutral, and a 41-level waveform in line-to-line.
When a PWM carrier frequency is as low as 1 kHz, the
use of the so-called “phase-shifted unipolar sinusoidal PWM”
makes an equivalent carrier frequency as high as 20 kHz.
Moreover, setting such a low carrier frequency as 1 kHz
brings a significant reduction in switching power loss to each
converter cell.

III. T HE 200-V, 10-KW, 8.8-KJ DOWNSCALED SYSTEM

Fig. 2 shows the system configuration of a three-phase
downscaled energy storage system rated at 200 V, 10 kW
and 8.8 kJ. Table I summarizes the circuit parameters. Nine
electrolytic capacitors, each of which is rated at 100 V and
0.9 F, are used, instead of EDLCs. The capacitance of the
capacitor,C [F] gives its available energyW [J] as follows:

W =
1
2
C(V 2

Cmax − V 2
Cmin), (1)

whereVCmax [V] and VCmin [V] are the maximal and min-
imal capacitor voltages. The difference between the maximal
and minimal voltages,∆VC = VCmax − VCmin is typically
around 20% ofVCmax when the electrolytic capacitor is
directly connected to the dc side of each converter cell without
any bi-directional dc chopper.

The experimental system has a cascade number ofN = 3,
and the dc voltage is allowed to range between 65 and 80 V.
The nine H-bridge converter cells are controlled by the phase-
shifted unipolar sinusoidal PWM with a carrier frequency of
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Fig. 4. Control block diagram for the 200-V energy storage system.
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Fig. 5. Decoupled current control.

1 kHz. The resulting line-to-neutral voltage is a seven-level
waveform with an equivalent carrier frequency of 6 kHz. An ac
inductorLAC (= 10%) in each phase supports the difference
between the ac grid voltage and the seven-level PWM voltage.
It also helps in filtering out switching voltage/current ripples
caused by PWM.

Fig. 3 shows the control system of the 200-V, 10-kW energy
storage system. This is based on a fully-digital controller using
a DSP (digital signal processor) and multiple FPGAs (field
programmable gate arrays).

IV. CONTROL STRATEGY

Fig. 4 shows the control block diagram of the 200-V energy
storage system. The whole control is divided into the following
two sub-controls:

1) decoupled current control of independent active and
reactive power, and

2) voltage-balancing control of all the nine electrolytic
capacitors.

Moreover, the voltage-balancing control is divided into
“clustered balancing control” between the three clusters, and
“individual balancing control” between three cascaded con-
verter cells in each cluster. Although the control system is
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inside each cluster, paying attention to themth-converter cells.

similar to that presented in [21], the following difference
exists: This system is an energy storage system for active-
power control, whereas the system in [21] is a STATCOM
for reactive-power control. The cascade multi-level PWM
converter used as a STATCOM can control reactive power
without causing any voltage imbalance in an ideal condition.
This is because the capacitor voltages are balanced by equal
charge and discharge in each half cycle. This is, however,
not the case when the cascade multi-level PWM converter is
used as an energy storage system. In a real system, voltage
imbalance always appears due to unequal power losses and/or
component tolerances in the converter cells. Continuous and
repetitive absorption or release of active power brings more
serious voltage imbalance to the converter cells.

Since the overall dc mean voltage in this system varies with
absorbing or releasing active power, the dc voltage control
presented in [21] no longer exists in this system. The voltage-
balancing controllers for the energy storage system and the
STATCOM, however, resemble each other in structure except
for the aforementioned differences.

Fig. 8 illustrates the sampling method for the downscaled
model. For the sake of simplicity, attention is paid to one of the
three clusters. Although each cluster has three carrier signals
with the same carrier frequency as 1 kHz, they are phase-
shifted by 2π/3. Data sampling, for example, for converter
cell 1 is carried out at every peak or trough of the carrier signal
for converter cell 2. The corresponding voltage reference is
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Fig. 8. Sampling method showing three phase-shifted carriers and three
reference signals for a cluster of three converter cells of one phase.

renewed at the following peak or trough of the carrier signal
for converter cell 1 with a time delay of 167µs. It is held
for 500 µs in order to avoid multi-switching. The equivalent
carrier frequency results in 6 kHz(= 1 kHz× 2× 3).

V. DECOUPLEDCURRENT CONTROL

Referring to Fig. 2, along with neglecting the resistance
components, gives the following set of voltage-current equa-
tions,
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Applying thed− q transformation leads to
[

LAC
d
dt −ωLAC

ωLAC LAC
d
dt

] [
id
iq

]
=

[
vSd − vd

vSq − vq

]
, (4)

wherevd and vq are thed-axis andq-axis components of~v,
while id and iq are those of~i. Likewise,vSd andvSq are the
d-axis andq-axis components of~vS . The instantaneous active
power p and the instantaneous reactive powerq [22][23] can
be expressed as

[
p
q

]
=

[
vSd vSq

−vSq vSd

] [
id
iq

]
. (5)

When the three-phase source voltages are balanced on the grid,
vSq is always zero because~vS is aligned with thed-axis.

p = vSdid (6)

q = vSdiq. (7)

Equations (6) and (7) imply thatp and q can be controlled
independently as a result of controllingid andiq respectively.
The d-axis current commandi∗d and theq-axis current com-
mandi∗q are given by

i∗d =
p∗

vSd
(8)

i∗q =
q∗

vSd
= 0, (9)

where p∗ is the active-power command, while the reactive
power command ofq∗ = 0 ensures unity power-factor opera-
tion. Let the ac voltage commands in thed-axis and theq-axis
be
[

v∗d
v∗q

]
=

1
3

([
vSd

0

]
−

[
0 −ωLAC

ωLAC 0

] [
id
iq

]

−K1

[
i∗d − id
i∗q − iq

]
− K1

T1

∫ [
i∗d − id
i∗q − iq

]
dt

)
. (10)

The first and second terms on the right-hand side of (10) are
introduced to cancel out the effect of the source voltage and
the steady-state voltage appearing across the ac inductorLAC .
The third and fourth terms form a proportional-plus-integral
(PI) controller with a proportional gainK1 and an integral
time constantT1. Substituting (10) into (4) results in

d

dt

[
id
iq

]
=

1
LAC

[
K1(i∗d − id) + K1

T1

∫
(i∗d − id)dt

K1(i∗q − iq) + K1
T1

∫
(i∗q − iq)dt

]
. (11)

Equation (11) signifies thatid and iq can be controlled inde-
pendent of each other. The three-phase reference signalsv∗u, v∗v
andv∗w are obtained by applying the inversed-q transformation
to (10).

Fig. 9 shows the block diagram of thed-axis current control
obtained by taking the Laplace transformation of (4) and (10).
The transfer function can be determined as

Id(s)
I∗d (s)

=
K1(sT1 + 1)

LACT1s2 + K1T1s + K1
. (12)

Note that the one-sampling delay is neglected from (12). The
damping ratioζ is given by

ζ =
1
2

√
K1T1

LAC
. (13)

Settingζ = 1 leads to a critically-damped response,

K1 =
4LAC

T1
= 0.5 V/A at T1 = 10 ms. (14)

The time constantT1 should be assigned to be much longer
than the control delay from the viewpoint of control stability.

VI. V OLTAGE-BALANCING CONTROL

As shown in Fig. 4, the voltage-balancing control is divided
into clustered balancing control and individual balancing con-
trol.
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A. Clustered Balancing Control

Fig. 6 shows the clustered balancing control. The aim is to
keep the dc mean voltage of three cascade converter cells in
each cluster equal to the dc mean voltage of the three clusters.
The clustered balancing control considers a cluster of three
single-phase cascaded converter cells in each phase as a single-
phase PWM converter cell with a dc capacitor ofC/3, as
shown in Fig. 10. If the power loss within the converter cell is
assumed negligibly small, the following approximation holds

vSuiu ' 3vCuiCu. (15)

Let ∆vCu be the difference between the dc mean voltage of
the three clusters,vC and the dc mean voltage of theu-cluster,
vCu.

∆vCu = vC − vCu (16)

vC =
1
3

(vCu + vCv + vCw) (17)

vCu =
1
3
(vCu1 + vCu2 + vCu3). (18)

The clustered balancing control produces theu-phase balanc-
ing signalvBu as

vBu = K3

(
K2∆vCu − id√

3

)
sinωt, (19)

where∆vCu and id are both dc signals. Multiplying the dc
output signal from the minor current loop by “sin ωt” converts
it into the ac signal being in phase, or out-of-phase by180◦,
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with ac output signalv∗u from the decoupled current control.
For v- andw-phases,sin ωt is replaced bysin(ωt−2π/3) and
sin(ωt + 2π/3), respectively.

Fig. 11 shows the block diagram of the clustered balancing
control, takingu-phase as an example. The inner loop forms
a current controller with a transfer function of

Iu(s)
I∗u(s)

=
K3

sLAC + K3
. (20)

This transfer function is a first-order system with a time
constant of

T3 =
LAC

K3
. (21)

The gainK3 can be determined as

K3 =
LAC

T3
= 0.06 V/A at T3 = 20 ms. (22)

The overall transfer function is given by

VCu(s)
VC(s)

=

K2K3VSd

s23
√

3LACCVCu + s3
√

3K3CVCu + K2K3VSd

. (23)

The damping ratioζ is given by

ζ =
1
2

√
3
√

3K3CVCu

K2LACVSd
. (24)

Taking ζ = 1 leads to

K2 =
3
√

3K3CVCu

4LACVSd
= 19 A/V. (25)

B. Individual Voltage Balancing

Fig. 7 shows the block diagram of the individual balancing
control. The aim is to keep each of the three dc voltages in
each cluster equal to the dc mean voltage of the corresponding
cluster.

Let ∆vCum be the difference between the dc mean voltage
of the u-cluster,vCu and the dc voltage of themth-converter
cell in theu-cluster,vCum.

∆vCum = vCu − vCum, (26)

wherem = 1, 2, and 3. The compensating voltage to minimize
∆vCum can be expressed as

vBum =

{
K4∆vCum sin ωt p∗ > 0
−K4∆vCum sin ωt p∗ < 0.

(27)



TABLE II

CONTROL GAINS AND PARAMETERS.

Analysis Experiment
K1 0.5 V/A 0.5 V/A
T1 10 ms 10 ms
K2 19 A/V 18.2 A/V
K3 0.06 V/A 0.056 V/A
T3 20 ms 21 ms
K4 0.6 V/V 0.5 V/V
T4 5 s 6 s

Equation (27) means that the individual balancing controller
has a proportional gain ofK4.

Assumingid >> iq, the u-phase current would be

iu '
√

2
3
Id sinωt. (28)

The active power for dc-voltage balancing of theu-phasemth-
converter cell can be written as

pBum = vBumiu −Dum

=
K4∆vCumId√

6
(1− cos 2ωt)−Dum, (29)

whereDum represents the loss or disturbance in theu-phase
mth-converter cell.

∆vCum ' − 1
C

∫
pBum

vCu
dt. (30)

Equations (26), (29) and (30) result in the block diagram of the
individual balancing control as shown in Fig. 12. The closed-
loop transfer function is given by

∆VCum(s)
Dum(s)

=
1

sCVCu + K4Id√
6

. (31)

This transfer function has the time constant given by

T4 =
C
√

6VCu

K4Id
. (32)

Finally, the gainK4 would be

K4 =
C
√

6VCu

T4Id
= 0.6 V/V at T4 = 5 s. (33)

The authors have designed the clustered balancing control
to be much faster in response speed than the individual
balancing control, because the clustered balancing control can
be considered as a current controller whereas the individual
balancing control as a voltage controller.

VII. E XPERIMENTAL RESULTS

A. Experimental Waveforms

Table II compares the control gains and parameters obtained
from the analysis achieved in sections V and VI with those
used in the following experiments.

Fig. 13 shows the experimental waveforms when the capaci-
tor bank was charged up at the rated power of 10 kW. Although
a small amount of 100-Hz component was superimposed
on each dc-capacitor voltage, all the nine dc mean voltages
remained balanced. The waveforms ofvSuo and iu were in
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Fig. 13. Experimental waveforms when the capacitor bank was charged at
10 kW.
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Fig. 14. Experimental waveforms when the capacitor bank was discharged
at 10 kW.

phase, because this system was operated with a condition of
q∗ = 0. Theu-phase current was slightly distorted with a THD
(total harmonic distortion) of 3.3%.

Fig. 14 shows the experimental waveforms when the ca-
pacitor bank was discharged down at the rated power of
10 kW. The nine dc-capacitor voltages were balanced well.
The waveforms ofvSuo and iu were out of phase by180◦.
In contrast to a THD of 3.3% during charging, theu-phase
current had a THD of 5% during discharging. These THD
values obtained from the experimental system would not be the
case in an actual system. The reason is that this experimental
system uses 36 IGBTs rated at 600 V and 150 A, each of
which is integrated with a free-wheeling diode. The saturation
voltage of the IGBT,VCE(Sat), and the forward voltage of
the diode,VF (both are about 1.5 V) produced a bad effect on
current-control performance because the dc-capacitor voltage
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Fig. 15. Seven-level line-to-neutral and 13-level line-to-line voltage wave-
forms of the 200-V energy storage system.
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Fig. 16. Experimental waveforms when the active-power commandp∗
was changed from−10 kW to 10 kW in 20 ms, where the reactive-power
command ofq∗ = 0.

ranged from 65 to 80 V. However, the dc voltage would range
from 600 to 750 V in the actual system with a cascade number
of N = 10, and a saturation/forward voltage of around 2.0 V
in the latest 1.2-kV IGBTs would be only 0.3% of the dc
voltage. This consideration, together with an increased number
of voltage levels in the 6.6-kV system, results in a much lower
current THD value.

Fig. 15 shows that theu-phase cluster voltage with respect
to the neutral pointn, vun looks a seven-level waveform, and
theu-phase cluster voltage with respect to thev-phase cluster
voltage,vuv looks a 13-level waveform as expected.

Fig. 16 shows transient waveforms from discharging to
charging operation with a ramp change from−10 kW to
10 kW in 20 ms. Fig. 17 shows the experimental waveforms
when the capacitor bank was repetitively charged up to 80 V
and discharged down to 65 V. The total amount of energy
charged into the capacitor bank was 9 kJ(= 10 kW× 0.9 s),
whereas that discharged out of it was 7.5 kJ(= 10 kW ×
0.75 s). The difference came from a power loss within the
power devices, mainly the conduction loss. The waveform
of p in Fig. 17 allows us to estimate the total loss as
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Fig. 17. Experimental waveforms with repetitive charging and discharging
of the capacitor bank.

910 W1. The conduction loss is calculated to be around 783 W
(= 1.5 V × 29 A × 6 × 3) at 10 kW. The remaining loss
(= 910 W − 783 W) consists of a total copper and iron loss
in the three ac inductors, and a switching loss that is small
due to the dc voltage as low as 65-80 V and the switching
frequency as low as 1 kHz.

In contrast to the conduction loss of 783 W (7.8% of
10 kW), the 6.6-kV, 1-MW system with a cascade number
of N = 10, will have a conduction loss of 10.5 kW(=
2 V × 87.5 A × 20 × 3) which is only 1% of the rated
power, assuming the use of 1.2-kV IGBTs. Since the use of
switching frequency as low as 1 kHz also results in reduced
switching loss, the 6.6-kV system is expected to reach an
overall efficiency of higher than 98%, including the loss in
the three ac inductors.

B. Start-up Procedure

The energy storage system requires neither an external
starting nor a pre-charging circuit. Fig. 2 includes a simple
start-up circuit consisting of a three-phase circuit breaker CB,
a three-phase magnetic contactor MC, and a current-limiting
resistorR in each phase. Fig. 18 depicts the waveforms during
starting up the energy storage system. At the time oft = 0,
the CB was switched on, while the MC remained switched
off. The capacitor bank started charging through the current-
limiting resistorsR, keeping each converter cell operated as a
diode rectifier. The inrush current was limited to 13 A (peak),
which was below the rated current of 30 A. At the time of
t = 30 s, when the starting current decayed to zero, the
MC was turned on. The controller was started at the time
of t = 60 s, and the gate signals were provided to the nine
converter cells, along with the active-power commandp∗. The
controller gradually built up each dc-capacitor voltage to an

1The total power loss is given by1.5kJ/1.65s, where the numerator is
the total energy loss(= 9kJ − 7.5kJ) during one cycle of charging and
discharging, and the denominator is the time period of that cycle.



iu [A] 0

20

vC [V]

0

50

-5 0 5 10 15 20 25 s

45 V

@@R

(a)

iu [A] 0

40

p [kW] 0

12

vC [V]

40

50

60

70

59.8 60.0 60.2 60.4 60.6 61.8 s

10 kW
¡¡ª

¾ Controller was started
Nine traces

¾ CB was turned on Nine traces

(b)

Fig. 18. Experimental waveforms when the energy storage system was
started: (a)−5 s≤ t ≤ 25 s; (b) 59.8≤ t ≤ 60.8 s.

operating range of 65 to 80 V. Then, the system came into
normal operation.

C. Effectiveness of Voltage-Balancing Control

Fig. 19 shows the experimental waveforms when the clus-
tered balancing control was intentionally disabled for about
60 s. Note that the individual balancing was still kept active.
The nine capacitor-voltage waveforms look like three traces
because all the three dc voltages in a cluster were equal to
their dc mean voltage in the corresponding cluster. However,
the three dc mean voltages in the three clusters were deviated
from the overall dc mean voltage. The clustered balancing
control can avoid this situation. The dc-voltage waveforms in
Figs. 13-17 conclude that the voltage-balancing controller is
effective in balancing all the nine dc voltages.

The capacitance value of the dc capacitor in the first
converter cell of theu-phase cluster,Cu1 was intentionally
increased from 0.9 F to 1.1 F by 22%, to further verify the
effectiveness of the voltage balancing control. Note that this
capacitance imbalance is very rare in an actual system because
it is beyond a general capacitance tolerance. Fig. 20 (a) shows
that the capacitance imbalance madevCu1 rise up slowly,
compared to the other eight voltagesvCu2 ∼ vCw3, when
the system was started. Fig. 20 (b) shows that the voltage-
balancing control was effective in keeping all the nine dc
voltages balanced.

Fig. 21 shows the time-expanded waveforms of Fig. 20.
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Fig. 19. Experimental waveforms when the clustered balancing control was
disabled for about 60 s. The individual balancing control was still kept active
in this experiment.
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Fig. 20. Experimental waveforms confirming the effectiveness of voltage-
balancing control. The capacitance value ofCu1 was increased from 0.9 F
to 1.1 F by 22% in this experiment. (a)−5 s≤ t ≤ 25 s, and (b) 30≤ t ≤
60 s.

VIII. C ONCLUSION

This paper has addressed a 6.6-kV energy storage system
without transformers. It is based on cascade connection of
several single-phase H-bridge PWM converter cells in each
phase. The voltage-balancing control presented in this paper
is characterized by stable operation and easy expansion into
a higher number of voltage levels. Experimental results ob-
tained from a 200-V, 10-kW, 8.8-kJ laboratory model using
electrolytic capacitors have verified the viability of the 6.6-kV
transformerless energy storage system.
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Fig. 21. Time-expanded waveforms of Fig. 20: (a) voltage imbalance
appeared, and (b) voltage imbalance disappeared.
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