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Abstract—Compared with conventional power transformer, the
power electronic transformer (PET) or solid-state transformer has
many attractive additional features. This paper focuses on an H-
bridge-based three-phase three-stage modular PET, which consists
of an input stage with series-connected H-bridge converters, an
isolation stage with several independent dual-active-bridge
converters, and an output stage with parallel-connected H-bridge
converters. This PET suffers dc-link capacitor voltage unbalanc-
ing issue, and the parallel-connected module current unbalancing
sharing issue. In this paper, a system control structure is proposed
for the PET to deal with these issues. Different input-stage individ-
ual module dc-link voltage balancing control methods are analyzed
and compared. It is found that the one implemented by directly
trimming module output voltage amplitude is most suitable for
PET. Moreover, a downscaled laboratory prototype is designed,
built, and tested to verify the control strategy.

Index Terms—DC-link capacitor voltage balancing, power
electronic transformer (PET), three-stage structure, zero-sequence
circulating current.

I. INTRODUCTION

W ITH the advancement of power semiconductor device
and other power electronics technologies, the emerging

technology power electronic transformer (PET), other technical
aliases of which include solid-state transformer [1], intelligent
universal transformer [2] etc., has got rapid development and
caught increasing attention from both academia and industry
in the past two decades [1]–[17]. Compared with conventional
purely magnetic line-frequency power transformer, a PET could
be regarded as a power converter employing power semicon-
ductor devices, medium- or high-frequency transformers, and
advanced control system. In addition to realizing voltage step-
up/down and galvanic isolation, the utilization of power semi-
conductor devices and advanced control system also endows
PET with many additional advantageous features [3], [10]–
[12] such as the reduction of size and weight, power quality
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improvement, output voltage regulation, renewable energy in-
terfacing, and many other potential functionalities.

Various PET topologies are reported and discussed in [2]–[5],
[10]–[15], most of which focus on single-phase applications.
These topologies can be classified into three main categories:
the single-stage ac–ac ones, the two-stage ac–dc–ac ones, and
the three-stage ac–dc–dc–ac ones. In general, the single-stage
topologies have the best performance on efficiency and the re-
duction of size and weight, while the three-stage ones have the
maximum potential functionalities and control flexibility [3],
[10]–[12]. From topological point of view, the merit of the max-
imum potential functionality makes the three-stage PET topolo-
gies to be the most popular ones. These configurations consist of
a grid-side rectifier stage or input stage, an isolated dc–dc stage,
and a load-side inverter stage or output stage. Moreover, modu-
lar multilevel converters are commonly employed at the PET’s
grid-side rectifier stage due to that most PET applications are
oriented to medium- or high-voltage level. On the other hand,
Wang et al. [16] and Grider et al. [17] investigated the applica-
tion of silicon carbide (SiC)-based power semiconductor devices
for high-voltage PET. However, SiC power devices so far are
still not commercially available with a reasonable price, and
need further development. Therefore, it is practical to employ
multilevel converters at the PET rectifier stage.

With the continuing efforts devoted by researchers and en-
gineers, significant progress has been made on the PET appli-
cations in railway traction, renewable energy generation, and
smart grid [1], [5]–[10], [14], [15]. Dujic et al. [14] proposed a
single-phase PET topology and its control strategy for railway
traction application. This configuration consists of an H-bridge-
based cascaded multilevel input stage and an isolation stage with
half-bridge-based isolated dc–dc resonant converters, which are
input-series-output-parallel connected. Furthermore, they pro-
posed control schemes for the efficiency improvement under
light-load conditions in [15]. In [8], the PET-based wind power
generation system is regarded as a possible trend in future.
In [5] and [18], three-stage and single-stage PET topologies
as the interface between the wind turbine and power grid are
investigated, respectively. Falcones et al. [19] proposed dual-
active-bridge (DAB) based and quad-active-bridge-based PETs
integrated with photovoltaic (PV) power generation and stor-
age. In [20]–[22], different control strategies are proposed for
the same distribution-level-oriented single-phase PET topology,
which is the key component of the future renewable electric
energy delivery and management system [1]. Compared with
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Fig. 1. Three-phase three-stage PET topology.

the topology shown in [14], this approach employs DAB not
dc–dc resonant converter to serve as the isolation stage. This
approach’s load-side 400-V common dc bus serves as the dc
distribution bus interfacing loads, residential-class renewable
energy resources, and distributed energy storage devices [1].
Du et al. [23] reviewed and compared different magnetic core
materials for PET high-voltage high-frequency transformer, and
a 3-kHz 6.7-kVA transformer prototype was built and tested. Fan
et al. [24] proposed dual-half-bridge dc–dc converter modules
with high efficiency over wide load range for PET. Zhao et al.
[25] proposed an input–output power synchronization control to
minimize the single-phase H-bridge dc-link second-order fluctu-
ation amplitude. Zheng et al. [26] proposed a control strategy for
a single-phase PET with only one multiwinding high-frequency
transformer. Most of the previous literatures are focusing on
H-bridge-based three-stage single-phase PET topologies, which
have one common low-voltage-side dc-link [1], [14] or a multi-
winding transformer [19], [26].

In this paper, the authors focus on the H-bridge-based three-
phase three-stage modular PET topology shown in Fig. 1. As
is depicted, the input stage is a modular multilevel cascade
ac–dc rectifier; the dc–dc isolation stage consists of several
DAB converters with high-frequency transformers; the output
stage is a three-phase full-bridge dc–ac inverter. Obviously, this
PET topology has a good redundancy and the ability of bidi-
rectional power flow. Furthermore, it provides three-phase four-
wire output ability to deal with unbalanced load. On the other
hand, the input stage suffers the dc-link voltage and power un-
balance issue, which is caused by many factors [27] such as
the tolerances of passive components, different power losses
of semiconductor devices, signal imbalance, etc. Some existing
work [28]–[31] focusing on dc-link voltage balancing control for
H-bridge cascade multilevel converter provides reference value
for this topology. Similarly, current-sharing control for the paral-
lel modules is needed for the output stage. In this paper, a system
control structure for this topology is proposed, which contains
three parts related to the three stages. The input-stage control

strategy is responsible for power quality and input-stage-side
dc-link capacitor voltage balancing control; the isolation-stage
control strategy is responsible for the output-stage-side dc-link
voltage maintaining; and the output-stage control strategy is
responsible for output voltage regulation and parallel-module
current-sharing control. Moreover, different individual dc-link
voltage balancing control methods for the input stage are ana-
lyzed and compared. It is found that the method implemented
by trimming modulating voltage amplitude is the most suitable
one for PET. A low-voltage downscaled prototype is designed,
built, and tested in the lab. Experimental results verify the con-
trol strategy.

II. CIRCUIT CONFIGURATION

Different research groups focus on various PET applications
and related issues. In this paper, the authors mainly focus on
high-voltage high-power three-phase PET applications, such as
serving as the interfacing system between wind turbine and
medium- or high-voltage power grid. In the authors’ previous
released paper [13], a series of new three-phase three-stage mod-
ular PET topologies are presented, analyzed, and compared.
From a comprehensive point of view, it is found that the topolo-
gies shown in Fig. 1 have the best performance on redundancy,
efficiency, semiconductor cost, and could provide three-phase
four-wire output to deal with unbalanced load.

Fig. 1 illustrates the PET circuit configuration, which is com-
prised of three cascaded stages: the input stage with series-
connected H-bridge converters, the isolation stage with several
independent DAB converters, and the output stage with parallel-
connected H-bridge converters. The topology has a delta con-
nection configuration with utility grid at the input stage. Herein,
the term input stage just means that this stage is connected to
utility grid, while the term output stage means it is connected to
load.

Obviously, the topology suffers the input-stage dc-link volt-
age and power unbalance issue, and the output parallel module
current sharing issue. In this paper, a system control structure
is designed for the topology. According to the three stages,
the overall control strategy also can be divided into the input-
stage one, the isolation-stage one, and the output-stage one. The
input-stage control aims to implement power quality control
and input-stage-side dc-link capacitor voltage balancing con-
trol. Each DAB is responsible for maintaining the output-stage-
side dc-link capacitor voltage. The output-stage control aims
to regulate the output voltage and implement parallel-module
current-sharing control.

III. INPUT-STAGE CONTROL STRATEGY

Fig. 2 illustrates the input-stage equivalent circuit. For the
input stage, many factors addressed in [27] would lead the
voltage and power imbalance issue among multiple floating
dc capacitors. For the sake of simplicity, these factors are re-
garded as power loss difference in this paper. The power loss
difference among different modules and phases can be simply
represented by the equivalent resistors paralleled with module
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Fig. 2. Input-stage equivalent circuit.

Fig. 3. Block diagram of input-stage total control.

dc-link capacitors and the equivalent resistors which are series-
connected with converters, as shown in Fig. 2. Normally, these
resistors are very small. Different control strategies focusing
on dc-link voltage balancing are proposed for H-bridge cas-
cade multilevel converter-based static synchronous compensator
(STATCOM) in [28]–[31]. These control strategies consist of
three parts: current and overall dc-link voltage control, cluster
dc-link voltage balancing control, and individual module volt-
age control. In [28], Liu et al. proposed an individual dc capac-
itor voltage balancing control method based on a small-signal
model, and compared it with the other three methods for STAT-
COM application but not for active rectifier application. In [29]
and [30], fundamental-frequency zero-sequence voltage and cir-
culating current are injected to balance cluster dc-link voltage
for STATCOM with star and delta configurations, respectively.
Maharjan et al. [31] mainly focused on the three-layer controller
parameter design. Herein, a cluster means a set of input-stage
series-connected converter cells in a phase.

As mentioned in the aforementioned section, the input-stage
control objectives are the realization of unity power factor and
input-stage-side dc-link voltage balancing control. The input-
stage control strategy also consists of three parts: the decoupled
current control of independent active and reactive power, the
cluster balancing control, and the individual balancing control.
Fig. 3 shows the input-stage total control block diagram.

Fig. 4. Block diagram of input-stage-decoupled current control.

A. Decoupled Current Control

Referred to Fig. 2, the input-stage voltage–current equation
is expressed as follows:
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where Rab , Rbc , and Rca represent the equivalent resistances of
inductor equivalent series resistance, conducting and switching
losses of power switching devices. Normally, they are almost
the same and can be neglected. Applying the dq transformation
of (1) along with neglecting the resistors, the equation in dq
coordinate is derived as follows:
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where vsd and vsq are the d- and q-axis components of grid
line voltage, respectively; uid and uiq are the d- and q-axis
components of converter ac-side voltage, respectively; and id
and iq are the d- and q-axis components of inductor current,
respectively.

Fig. 4 depicts the input-stage-decoupled current control. The
reactive current reference i∗q is assigned zero to obtain unity
power factor, meanwhile, it also could be assigned a certain
value to generate or absorb reactive power to utility grid. There-
fore, if the PET has adequate power capacity, it could not
only take the place of the wind-turbine-side converter and step-
down transformer but also the STATCOM in wind power gen-
eration application. This idea also could be extended to PV
generation and other applications having similar requirements.
As shown in Fig. 4, the active current reference i∗d is adjusted by
the voltage loop proportional–integral (PI) controller according
to the voltage error between the input-stage dc-link capacitor
voltage reference Udcref and the average value udcave of all
input-stage dc-link capacitor voltages. The process of PI con-
troller design and decoupled current control analysis can be
found in [29]. With the decoupled current control, the positive-
sequence commands uab

∗, ubc
∗, and uca

∗ can be obtained. The
unity power factor and the average value of all dc-link capacitor
voltages tracking the dc-link voltage reference are implemented.
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Fig. 5. Block diagram of input-stage cluster balancing control.

B. Cluster Balancing Control

The power loss difference among three clusters would lead the
three-cluster dc-link voltage unbalancing issue. Moreover, the
cluster unbalancing issue would be much more severe for SPC
under unbalanced load. The cluster balancing control is needed
to keep the dc-link capacitor dc mean voltage of each cluster
equal to the capacitor dc mean voltage of the three clusters.
The aforementioned decoupled current control only generates
positive-sequence currents among three clusters, and distributes
the same amount of average power to three clusters. Therefore,
the cluster balancing control shall generate certain command
currents to distribute or redistribute three clusters with different
amounts of average power according to the power loss difference
or unbalanced-load condition. With the input-stage delta config-
uration, zero-sequence circulating current is utilized. The zero-
sequence circulating current would not flow into grid. Therefore,
it would not affect the grid power quality.

As referred to Fig. 2, the command zero-sequence circulating
current is injected and written as follows:

io =
√

2Io sin(ω t + θ) (3)

where Io and θ are the zero-sequence circulating current rms
value and original phase angle, respectively. The average power
redistributed by zero-sequence circulating current is expressed
as follows:

⎧
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As shown in (4), the three power equations are different, and
the summation of three equations equals zero. It indicates that
the zero-sequence circulating current only leads to the active-
power redistribution but has no impact on the active power
amount absorbed from utility grid. Therefore, the cluster bal-
ancing control, as shown in Fig. 5, is implemented by injecting
command zero-sequence circulating current [30]. The redis-
tributed average power p0ab , p0bc , and p0ca in three clusters can
be divided into the power consumed by the cluster converter
cells p0ab C , p0bc C , and p0ca C , and the power consumed by the
equivalent resistors p0ab R , p0bc R , and p0ca R . Normally, the
latter could be neglected. Therefore, the redistributed average
power is almost approximately equal to the power consumed by
the cluster converter cells. The power relationship is expressed

as follows:
⎧
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The proper redistributed power can be utilized to balance the
dc-link capacitor voltages among three clusters, which is caused
by power loss difference. As shown in Fig. 5, the amount of ac-
tive power redistributed by zero-sequence circulating current is
calculated by close-loop controller. uP h ave is the input-stage-
side dc-link capacitor dc mean voltage of the three clusters,
while uab ave and ubc ave are the capacitor dc mean voltages of
cluster ab and cluster bc, respectively. After the adjustment by
two PI controllers, the required power p0ab and p0bc are deter-
mined. Then, the command zero-sequence circulating current is
generated by (3) and (8). Equation (8) is derived from (4). The
PI controller design process can be found in [30] and [31]

⎧
⎪⎨
⎪⎩

Io = 1/Vs

√
(p0ab)2 +

1
3
(p0ab + 2 · p0bc)2

θ = tan−1 [−(1 + 2 · p0bc/p0ab)/
√

3]
. (8)

C. Individual Balancing Control

With the decoupled current control and cluster balancing con-
trol, the cluster dc-link capacitor dc mean voltage in each cluster
is controlled and maintained. The command voltage (u∗

x + u∗
o)

for each cluster is obtained, where x is ab, bc, or ca. The individ-
ual balancing control for balancing different dc-link capacitor
voltages in one cluster is indispensable due to the power loss
difference among the converter cells in one cluster.

In [28], Liu et al. reviewed three individual balancing control
methods, and proposed a new one based on the small-signal
model. As compared with other two methods all implemented by
trimming output voltage amplitude, the new one has the biggest
power value coefficient with the same module output voltage
amplitude increment for STATCOM application. However, this
method needs an additional time-variant compensator for each
individual module dc-link voltage balancing control loop, which
makes it more much complicated. Moreover, it is not analyzed
for active rectifier application. In this paper, the comparison of
the four individual balancing control methods for active rectifier
application is done.
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Fig. 6. Waveforms of four individual balancing control methods for active
rectifier application with unity power factor.

The detailed operating principle and description of the four
methods can be found in [28] and is simply introduced in this
paper. Fig. 6 shows the waveforms of four individual balancing
control methods for active rectifier application. The first sub-
figure denoted as 0 depicts the waveforms of the grid voltage,
current, and cluster ac voltage. Take the example of the first
H-bridge in cluster ab, herein it only takes account of the fun-
damental component of the H-bridge output voltage and clus-
ter current along with neglecting the switching-frequency com-
ponents. The voltage–current equations could be expressed as
follows: ⎧

⎪⎪⎨
⎪⎪⎩

vS =
√

2VS · sin(ωt)

ic =
√

2Ic · sin(ωt)

uc1 =
√

2Uc1 · sin(ωt + ϕ)

(9)

LAC =
10% × VS

ω · Ic
(10)

ϕ = arctan
ω · Ic · LAC

VS
≈ 0.0997rad (11)

where Ic is the cluster current rms value; and Uc1 and ϕ are
the H-bridge output voltage rms value and phase angle, respec-
tively. The input-stage interfacing ac inductor could be designed
by the empirical equation (10). For active rectifier with unity
power factor, the H-bridge output voltage phase angle ϕ can be
estimated by (11), which is very small.

The waveforms in the second figure denoted as 1st depicts
the 1st method proposed in [28]: uc1 increases ΔUc1 when ωt
in [ϕ, π] or [ϕ + π, 2π]: uc1 decreases ΔUc1 when ωt in [0, ϕ]
or [π, ϕ + π].

The waveforms in the third figure denoted as 2nd depicts the
2nd method proposed in [27]: uc1 decreases ΔUc1 when ωt in
[0, π/2] or [π, 3π/3]; uc1 increases ΔUc1 when ωt in [π/2, π] or
[3π/2, 2π].

The waveforms in the fourth figure denoted as 3rd depicts the
3rd method adopted in [29] and [30]: uc1 increases ΔUc1 .

The waveforms in the fifth figure denoted as 4th depicts the
4th method presented in [32]: uc1 have a small phase shift.

The 1st, 2nd, and 3rd methods are implemented by trimming
the module voltage amplitude, and the 4th method is imple-

mented by trimming the module voltage phase angle. Assume
that the H-bridge needs absorbing active power for balancing
dc capacitor voltage. In order to increase the input power, the
module output voltage uc1 is slightly regulated to be u′

c1 , which
is shown as bold lines in Fig. 6. The average power increment
can be calculated by (12). The four average power increment
equations of four methods are derived as

ΔP =
1
2π

∫ 2π

0
(u′

c1 − uc1) · icdωt (12)

ΔP1 = ΔUc1 · Ic · cos ϕ

+ 2 · ΔUc1 · Ic ·
sinϕ − ϕ · cos ϕ

π
(13)

ΔP2 = 2ΔUc1 · Ic ·
sinϕ

π
(14)

ΔP3 = ΔUc1 · Ic · cos ϕ (15)

ΔP4 ≈ Uc1 · Ic · sin ϕ · Δϕ (16)

where

ΔUc1 = U ′
c1 − Uc1 (17)

As shown in (11), the phase angle ϕ for active rectifier appli-
cation with unity power factor is very small. The first term on
the right-hand side of (13) is the same to the one of (15). More-
over, the value of the second term on the right-hand side of (13)
is a very small positive one. Therefore, the 1st and 3rd meth-
ods have a very small difference on the power value coefficient
for active rectifier application with unity power factor. Obvi-
ously, the power increment of (14) is very small which means
the related 2nd method is not suitable for pure active rectifier
application. When the phase angle ϕ increases, the value of the
first term on the right-hand side of (13) decreases, and the value
of the second term increases and finally becomes a dominated
one. Therefore, the 1st method related to (13) will have a bigger
power increment coefficient as compared with the 3rd method
related to (15). Moreover, the value of (14) will also increase
when the phase angle ϕ increases. When the phase angle ϕ is
±π/2 which means the system is for ideal STATCOM appli-
cation, (13) and (14) will have the same equation. Therefore,
the 1st and 2nd methods related to (13) and (14), respectively,
have the same power increment coefficient for ideal STATCOM
application. Therefore, the 1st and 2nd methods are suitable for
STATCOM application while the 3rd method is not suitable.

The 4th method related to (16) is implemented by trimming
phase angle. Equation (16) is based on phase angle increment
Δϕ while (13)–(15) are based on voltage amplitude increment
ΔUc1 . From this point of view, the author in [28] did not compare
it with other methods based on trimming voltage amplitude.
Equation (16) could be alternatively expressed as (18). Since
the phase angle ϕ absolute value will be no bigger than π/2,
the phase angle increment Δϕ will also not exceed the range.
Moreover, the voltage amplitude increment ΔUc1 will also not
exceed the voltage amplitude Uc1 . From this point of view, the
assumption of (19) could be made. Based on this assumption,
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Fig. 7. Comparison of different individual balancing control methods for
active rectifier application.

Fig. 8. Block diagram of input-stage individual balancing control.

the 4th method could be compared with other three methods

ΔP4 ≈
(

Uc1 ·
Δϕ

π/2

)
· Ic · sin ϕ · π

2
(18)

ΔUc1 = Uc1 ·
Δϕ

π/2
. (19)

Based on (13)–(15), (18), and (19), the curves of power in-
crement coefficient with respect to phase angle ϕ having the
same voltage amplitude increment ΔUc1 are depicted in Fig. 7.
As is shown, the difference on power increment coefficient be-
tween the 1st and 2nd methods for active rectifier application is
very small and could be neglected. Even when the phase angle is
about π/6 which means the system mainly supplies active power
along with certain ratio of reactive power, the power increment
coefficient is also small. Moreover, the 1st method [28] needs an
additional time-variant compensator for each individual mod-
ule dc-link voltage balancing control loop, which makes it much
more complicated. The 2nd and 4th methods are more suitable
for STATCOM application.

Based on the aforementioned analysis and comparison, the
3rd method is selected. Fig. 8 shows the individual balancing
control. The idea of the individual balancing control is based
on (20). The amplitude of the final command voltage uxmh for
each converter cell in one cluster is trimmed by Δuh , which is
the product of the active-power polarity and the adjusted result
of the associated closed-loop feedback control. udc x ave is the
capacitor dc mean voltage of one cluster, and udc x h is the
converter dc-link capacitor voltage. The phase angles of the
final command voltages for different converter cells are kept the
same. The proportional controller design process can be found

Fig. 9. Block diagram of DAB control.

Fig. 10. Block diagram of output-stage control.

in [27]

uxmh = (1 + Δuh) · (u∗
x + u∗

0) (h = 1, ..., N). (20)

IV. ISOLATION- AND OUTPUT-STAGE CONTROL STRATEGY

A. Isolation-Stage Control Strategy

With the input stage control, the input-stage-side dc-link volt-
ages are balanced, and then, the DAB control aims to regulate
associated output-stage-side dc-link voltage to track the same
voltage reference. Phase-shift control described in detail in [33]
is applied for DAB to regulate its associated output-stage-side
dc-link voltage. Fig. 9 illustrates the control loop for one DAB.
The phase-shift angle is adjusted by PI controller according to
the voltage error between output-stage dc-link voltage and the
voltage reference

PDAB =
n · Vin dc · Vo dc

2πfS · LS
β

(
1 − |β|

π

)
(21)

where Vin dc and Vo dc are the input-stage-side and output-
stage-side dc-link capacitor voltages, respectively; n is the trans-
former turn ratio, n = np : ns ; β is the phase-shifted angle be-
tween two H-bridge driving signals; LS is the leakage induc-
tance; and fs is the switching frequency.

B. Output-Stage Control Strategy

The output-stage control is responsible for three-phase output
voltage regulation and parallel module current-sharing control.
Fig. 10 shows the control diagram for one output-stage phase.
The overall voltage loop regulates the output voltage, and gen-
erates the current reference for N parallel modules in the one
phase. The N inner current loops track the same current refer-
ence to realize parallel module current-sharing control, where
ix N is inductor current. Proportional-resonant (PR) controller
[34] in (22) is applied for the output stage control. P controller
could also be used in the current loops. Moreover, the interleav-
ing technique could be applied to the parallel modules in one
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Fig. 11. Photo of the downscaled prototype.

TABLE I
PROTOTYPE PARAMETERS

Line Frequency 50 Hz
Input Inductance 3 mH
Input-Stage Switching Frequency 10 kHz
Isolation-Stage Switching Frequency 10 kHz
Output-Stage switching frequency 20 kHz
DC Capacitor Capacitance 1100 μF
Transformer Ratio 1:2
DAB Inductance 0.1 mH
Output-Stage LC inductance 1 mH
Output-Stage LC capacitance 60 μF
IGBT/Diode IRG4 PC50 UD
Load Resistor 5 Ω

phase so that the total harmonic distortion performance could
be improved

PR(s) = kP +
kI ωcs

s2 + ωcs + ω2 (22)

where kP is the proportional gain, kI is the integral gain, and
ωc is the resonance frequency.

V. EXPERIMENTAL RESULTS

A. Downscaled Prototype

According to the main circuit configuration shown in Fig. 1,
a three-phase downscaled laboratory prototype rated at 110-V
and 3-kVA is designed, constructed, and tested to verify the
aforementioned overall control strategy for the PET topology.
Fig. 11 shows the photo of the downscaled prototype. The proto-
type has total 36 H-bridge converters, which means each input-
stage cluster consists of three series-connected H-bridge con-
verters. Table I summarizes the main circuit parameters. The
so-called phase-shifted unipolar sinusoidal PWM with a carrier
frequency of 1.667 kHz is applied to a cluster of three series-
conned H-bridge converters in each input-stage phase. There-
fore, the input-stage equivalent switching frequency becomes
10 kHz (1.667 kH × 2 × 3), and the ac voltage of each cluster
becomes a seven-level line-to-line PWM waveform. The phase-
shift control is applied to DAB, and the switching frequency
is 10 kHz. The interleaving technique with a carrier frequency
of 3.334 kHz is applied to the output-stage parallel modules.

Fig. 12. Block diagram of digital control system.

Fig. 13. Experimental waveforms of input-stage grid-side current. (a) Exper-
imental waveform of adding positive reactive power. (b) Experimental wave-
form of removing negative reactive power. (c) Three-phase grid-side current
waveform.

Therefore, the output-stage load-side equivalent switching fre-
quency becomes 20 kHz (3.334 kH × 2 × 3).

The downscaled prototype has total 36 H-bridge converters.
One H-bridge converter needs two independent PWM signals,
where one H-bridge driving circuit would utilize one indepen-
dent PWM signal to generate two complementary PWM signals
for driving one H-bridge leg. Thus, 36 H-bridges need total 72
independent PWM signals, which could not be provided by one
DSP chip. Therefore, a DSP + FPGA digital control system
shown in Fig. 12 is designed, where DSP and FPGA are respon-
sible for controlling and PWM signal generating, respectively.
Each stage has one such digital control system. Thus, three sets
of such digital control system serve for the prototype. This dig-
ital control system is also suitable for the situation having even
more H-bridge converters. If the H-bridge number increases,
more FPGA chips may be needed, and some computing work
such as voltage–current sampling and converting could be alter-
natively done by FPGA.

B. Experimental Waveforms

Fig. 13 shows input-stage grid-side current experimental
waveforms. As is addressed in the aforementioned input-stage
control, unity power factor is normally implemented. Mean-
while, reactive power could be generated or absorbed if the
input stage has adequate current capacity. Fig. 13(a) and (b)
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Fig. 14. Experimental waveforms of input-stage-side dc-link voltage.
(a) Three dc-link voltage waveforms in one phase. (b) Three dc-link voltage
waveforms in three phases. (c) Individual balancing control. (d) Cluster balanc-
ing control.

shows the dynamic process waveforms of adding positive re-
active power command and removing negative reactive power
command, respectively. The seven-level voltage waveform is the
one of input-stage cluster ab output voltage. In the experiment,
the grid voltage is generated by a programmable voltage source,
and a line-frequency step-down transformer is connected be-
tween the voltage source and prototype to protect the voltage
source. The voltage waveforms shown in Fig. 13(a) and (b) are
the voltage source output voltage ones. The input-stage-side dc-
link capacitor voltage is 60 V. Fig. 13(c) shows the three-phase
grid-side current waveform.

Fig. 14 shows the input-stage-side dc-link capacitor voltage
experimental waveforms. Fig. 14(a) and (b) shows the three dc-
link capacitor voltage waveforms in one phase and three phases,
respectively. As is shown, the input-stage dc-link voltages are
maintained to reference value 60 V and well balanced in a steady
state. Moreover, another two experiments to verify the individual
and cluster balancing control are conducted, respectively. For
the sake of simplicity, each output-stage-side dc-link capacitor is
paralleled with a 40-Ω resistor, and the output stage is cancelled
in these two experiments. As shown in Fig. 14(c), three dc-
link capacitor voltages become unbalanced when the individual
balancing control is removed (cluster balancing control is still
working). In order to show the effect of cluster balancing control
more obvious, the three DAB output voltages of cluster ca are
set only 40 V, which is half of the ones in the other two clusters.
As shown in Fig. 14(d), at the beginning of the experiment,
the cluster balancing control is removed (individual balancing
control is still working), and three dc-link capacitor voltages in
three phase are unbalanced; then, the cluster balancing control
is added (individual balancing control is still working), and
three dc-link capacitor voltages in three phase finally become
balanced. The input-stage experimental results verify the input-
stage control.

Fig. 15 shows the output-stage-side dc-link capacitor voltage
experimental waveforms. With the aforementioned DAB con-
trol, the output-stage-side dc-link capacitor voltages track the
reference voltage 80 V well and are well balanced in a steady

Fig. 15. Experimental waveforms of output-stage-side dc-link voltage.
(a) Three dc-link voltage waveforms in one phase. (b) Three dc-link voltage
waveforms in three phases

Fig. 16. Experimental waveforms of output voltage and current in output
stage. (a) Three-phase output voltage waveforms. (b) Three output current wave-
forms in one phase. (c) Interleaving effect.

state. Fig. 15(a) and (b) shows the three dc-link capacitor voltage
waveforms in one phase and three phases, respectively. These
experimental results verify the isolation-stage control.

Fig. 16 shows the experimental waveforms of output voltage
and current in the output stage. The output phase voltage refer-
ence amplitude is set 70 V. Fig. 16(a) shows the output three-
phase voltage waveforms. The inductance tolerance among the
output LC-filter inductors is about 5%. With the output-stage
control, the parallel-connected module currents in one phase
are well balanced, which is shown in Fig. 16(b). The current
waveform of the 4th channel in Fig. 16(b) is obtained by sens-
ing three inductor currents, which shows the interleaving effect.
Fig. 16(c) shows the interleaving effect more obviously among
three modules in one phase. These experimental results verify
the output-stage control.

VI. CONCLUSION

In this paper, it is focused on a three-phase three-stage H-
bridge-based PET topology, which consists of an input stage
with series-connected H-bridge converters, an isolation stage
with several independent DAB converters, and an output stage
with parallel-connected H-bridge converters. This PET suffers
dc-link voltage and power unbalancing issue, and the parallel-
connected module current sharing issue. In order to deal with
these issues for this PET, a system control structure is proposed,
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which is comprised of input-stage control, isolation-stage con-
trol, and output-stage control. The input-stage control is respon-
sible for power quality control and input-side dc-link voltage
balancing control. The isolation-stage control is responsible for
output-side dc-link voltage control. The output-stage control
is responsible for output voltage control and parallel-module
current-sharing control. This system control structure could be
a reference for other three-phase PET topologies having the
similar structure. Different individual module dc-link balancing
control methods for the input stage are analyzed and compared.
Moreover, a three-phase downscaled laboratory prototype is de-
signed, constructed, and tested to verify the control strategy.
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