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Abstract—This paper proposes a three-port three-phase bidi-
rectional dc-dc converter suitable for high-power applications.
The converter combines a slow primary source and a fast storage
to power a common load (e.g., an inverter). Since this type of
system is gaining popularity in sustainable energy generation sys-
tems and electrical vehicles, the proposed topology is of practical
interest. The proposed converter consists of three high-frequency
inverter stages operating in a six-step mode, and a high-frequency
three-port three-phase symmetrical transformer. The converter
provides galvanic isolation and supports bidirectional power flow
for all the three ports. An arbitrary power flow profile in the
system can be achieved by phase shifting the three inverter
stages. Thanks to the three-phase structure, the current handling
capability of the circuit is larger and the ripple currents at the dc
sides are much lower owing to the interleaving effect of the three-
phase, and thus the VA rating of the filter capacitors is much
lower. The operating principle and, in particular, the transformer
design which is based on conventionally and coaxially wound
structures are presented. Circuit simulation results are included
to verify the proposed converter topology and the dual-PI-loop
control strategy.

I. INTRODUCTION

In the past decades, traditional power converter topologies
have been evolving in various directions, for example, from
single-phase to multiphase interleaving, and from two-level to
multilevel. Nowadays, most dc-dc power converters deal with
single-input and single-output. Recently, attention has been
paid to multiport converters [1]. Power conversion systems
which combine a slow primary source with a fast storage to
power a common load, which could be downstream converters
(e.g., an inverter), are gaining popularity in sustainable energy
generation [2], [3] and electrical vehicles [4].

Alternative energy generators like fuel cells have slow
dynamics and quite specific dc voltage and current charac-
teristics. Furthermore, energy supplied by renewable sources
such as solar and wind energy has an intermittent nature,
which necessitates a battery-type storage capable of long-term
energy buffering. For electrical vehicle applications, transient
energy storage is required to cope with the acceleration and
braking of vehicles. A three-port energy management system
accommodates a primary source and a storage and combines
their advantages automatically, while utilizing a single power
conversion stage to interface the three power ports. Having the
two energy inputs, the instantaneous power can be redistrib-
uted in the system in a controlled manner. The storage acts as
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Fig. 1. A three-port energy flow management system.

a power filter to smooth the power flow of the primary source,
as shown in Fig. 1.

A second advantage of using such a system is that the
primary source only needs to be sized according to the
average power consumed by the load for a specific application,
not necessarily to the peak power. Such operation would
avoid oversizing of the primary source and is economically
beneficial. Moreover, with the auxiliary storage, not only can
the system dynamics be improved, but also the storage can
serve as a backup energy source in the event of a main source
failure.

In this regard, a few attempts have been made to explore
dc-dc topologies suitable for multiple sources and/or storage
elements [1], [2], [3], [4], [5], [6], [7], [8]. However, most of
them are intended for medium- and low-power applications.

In this paper, a three-port three-phase converter topology
suitable for power management is proposed, and its potential
for high-power applications is investigated. The converter is
a direct extension of the single-phase version of the three-
port converter in [6] and [8]. It is shown that the three-phase
configuration enhances the current rating of the system and
thus the power rating. The converter is promising for electrical
vehicles (e.g., fuel cell/battery cars) and electricity generation
systems. The three-phase concept has also been recognized in
[5] for a multiple-input converter which can be regarded as
an extension of the single-phase topology in [3] that uses a
combination of a dc-link and magnetic-coupling to interface
multiple power ports. The system modeling, operation princi-
ple, control strategy, transformer design, and simulation results
are presented in the following sections.
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Fig. 2. Topology of the proposed high-power three-port three-phase triple-active-bridge (TAB) bidirectional dc-dc converter.

II. THREE-PORT THREE-PHASE TOPOLOGY

The three-port triple-active-bridge (TAB) topology has been
proposed for a fuel cell system for home applications rated
at a maximum power of 1 kW [7], [9] and 3.5 kW [10].
To extend the topology towards high-power applications, the
standard way is to replace the single-phase bridge with a three-
phase bridge, which enables higher current handling ability.
The resulting converter topology is shown in Fig. 2. The three-
phase concept used in the dual-active-bridge (DAB) converter
[11] is applied to the TAB converter in this paper. As shown,
the circuit consists of three inverter stages operating in a six-
step mode with controlled phase shifts. The three bridges
are interconnected by a three-port three-phase symmetrical
transformer, and the inductors in the circuit represent the
leakage inductance of the transformer (and external inductors
if necessary). The transformer can be either in Y-Y or in Δ-Δ
connection. Note that coupling of the windings is between the
ports and there is no interphase coupling. As indicated in the
figure, windings marked with the same symbol are coupled.

The major advantage of the three-phase version is the much
lower VA rating of the filter capacitors. Thanks to the nature
of the symmetry, the current stress of the switching device
is significantly reduced compared to the single-phase version.
As the current through the transformer windings is much more
sinusoidal than in the single-phase situation (this is shown in
the simulation section), there are less high frequency losses in
the transformer. The proposed converter has the potential for
high-power applications (say, tens of kilowatts). The operating
principle is very similar to the single-phase version. In addition
to galvanic isolation, a major advantage of this converter is
the ease of matching the different voltage levels in the overall
system. The leakage inductances of the transformer are an
integral part of the circuit. With reference to the primary side,

each bridge generates a high-frequency six-step mode voltage
with a controlled phase angle. The control scheme aims to
regulate the output voltage and power of the primary source
simultaneously, using two phase shifts as control variables.
The storage supplies/absorbs the transient power difference
between the load and the primary source. This is an automatic
system, matching the variations of the power drawn by the load
while the power of the primary source is kept at a constant
level.

III. THREE-PORT SYSTEM MODELING

A. Δ-Model Representation

The power flow in the three-port system has been exten-
sively investigated in [2] and [8]. Since no interphase coupling
exists in the system, one can analyze the circuit based on the
per-phase model. For phase A, the circuit model shown in
Fig. 3(a) can be viewed as a network of inductors driven by
controlled voltage sources that are phase-shifted with respect
to each other. The controlled phase displacements impose
the power flow between the ports. Fig. 3(b) illustrates the
modeling approach based on a Δ-model equivalent trans-
former representation [2]. The Δ-model facilitates the system’s
analysis, and simple formulas allow converting the parameters
from a T-model to the Δ-model description [2].

Let us set the primary side as the reference for the phase
shift, and denote the phase angles of the load side and storage
side as ϕ12 and ϕ13, respectively (see Fig. 4). According to
the definitions in Fig. 3(b), for a lossless system the power
flow in the system can be described as

P1A = P12A − P31A

P2A = P23A − P12A

P3A = P31A − P23A

P1A + P2A + P3A = 0

(1)
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Fig. 3. T-model (a) and Δ-model (b) representation of the three-port
transformer and inductors netwerk (per-phase model: phase A).

where P1A, P2A, P3A are the powers delivered by the primary
source, load and storage through phase A, respectively. A
positive value means supplying the power and a negative value
suggests consuming the power. Note that for a lossless system,
we have P3A = −P1A−P2A; therefore P3A is redundant. The
same model can be applied to phase B and C. Obviously, the
total power of the port is the sum of the power through each
phase:

P1 = P1A + P1B + P1C

P2 = P2A + P2B + P2C

P3 = P3A + P3B + P3C .

(2)

Again, P3 is redundant because P3 = −P1 − P2.
The average power consumed by the load over a typical

operating cycle shall be equal to the power delivered by
the primary source. The storage port thereby functions as an
external leveling device, smoothing out the fluctuation in the
instantaneous power drawn by the load port.

Owing to symmetry, an analytical expression of the current
can be derived [11]. By integrating the product of voltage
and current with respect to time over one cycle, the average
power transferred between the two ports in the six-step wave
mode, taking bidirectional power flow into consideration, is
calculated to be
for 0 ≤ |ϕ| ≤ π/3:

P =
VaVb

mωL
ϕ

(
2
3
− |ϕ|

2π

)
(3)

and for π/3 ≤ |ϕ| ≤ 2π/3:

P =
VaVb

mωL
ϕ

(
1 − |ϕ|

π
− π

18 |ϕ|
)

(4)
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Fig. 4. Idealized operating waveforms (phase A) of the proposed three-port
three-phase TAB converter at ϕ12 = π/3 and ϕ13 = π/6.

where ω = 2πfs (fs is the switching frequency); Va and
Vb are the dc voltages of the ports; ϕ denotes the phase
shift (in radians) between the two ports; L represents the
equivalent inductance between the two ports; and m is the
equivalent transformer turns ratio between the two ports [2]
(if the magnetizing inductance is neglected, m is equal to the
physical turns ratio n in the T-model.) The maximum power
flow occurs at ϕ = ±π/2. To illustrate the operation of the
converter, some ideal operating waveforms are shown in Fig. 4,
according to the model in Fig. 3(b).

B. First Harmonic Approach

Since the system can be regarded as voltage sources inter-
connected through inductors, similar to the parallel operation
of grid-frequency inverters where the active power control is
achieved by controlling the phase displacement between the
inverters, the three-port system can be treated like such a
nanoscale grid. The difference, however, is that this system
operates at a much higher frequency (e.g., 100 kHz) than the
conventional grid frequency.

Let us define the switching function Sx = 1 when the upper
switch is ON and Sx = 0 when the lower switch is ON. Then,
as an example, the primary port can be modeled as (referring
to the definitions in Fig. 2)

S1AV1 = (v1A + vPG1)
S1BV1 = (v1B + vPG1)
S1CV1 = (v1C + vPG1)

(5)

where V1 is the dc voltage of the port, v1A, v1B and v1C are
the phase-to-neutral voltages, and vPG1 is the neutral (P) to
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ground (G1, the negative terminal of the source) voltage. Since
each inverter is a perfectly balanced three-phase system, we
have

v1A + v1B + v1C = 0. (6)

The voltage vPG1 pulsates between V1/3 and 2V1/3 as de-
picted in Fig. 4.

Fig. 5 shows the per-phase model of the converter when
referred to the primary. The place where the magnetizing in-
ductance is connected can be regarded as the connecting point.
Assume that the magnetizing inductance is much larger than
the leakage inductance. Fig. 6 shows a simplified three-phase
model which is analogous to the parallel operation model of
grid-frequency inverters. The voltage at the connecting point
can be calculated by superposition, which gives, for instance,
for phase A:

v0A =
v1AL

′
2AL

′
3A + v

′
2AL1AL

′
3A + v

′
3AL1AL

′
2A

L1AL
′
2A + L1AL

′
3A + L

′
2AL

′
3A

(7)

where L
′
2A, L

′
3A, v

′
2A and v

′
3A represent the primary-referred

values of L2A, L3A, v2A and v3A, respectively. Since v0A is
neither accessible nor measurable, it can only be determined
by the status of v1A, v

′
2A and v

′
3A. For a symmetrical system

(i.e., L1A = L
′
2A = L

′
3A), we have

v0A = (v1A + v
′
2A + v

′
3A)/3. (8)

With v0A, the power injected into the transformer can
simply be given by the familiar equation for the active power
control, e.g., for phase A of the primary port

P1A =
U0AU1A

ωL1A
sin(ϕ01) (9)

where ϕ01 is the phase displacement between v0A and v1A,
and U0A and U1A are the amplitudes of the fundamental
components of v0A and v1A, respectively.

The power flow in the three-port system is mainly deter-
mined by the fundamental components. This is an acceptable
approximation and the error is within 10% [11]. Therefore,
the first harmonic model may be used to estimate the power
flow.

IV. SYMMETRICAL TRANSFORMER DESIGN

The main challenge of the proposed high-power three-
phase three-port converter is the design of the three-phase
symmetrical transformer. It is important to keep the symmetry
of the leakage inductances. Otherwise, the current (transferred
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Fig. 6. Simplified three-phase model of the converter.
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Fig. 7. Conventionally wound three-port three-phase spatially symmetrical
transformer.

power) will not be equal for the three phases. The transformer
construction may be necessary to be physically symmetrical
in order to have an identical leakage inductance in each phase.
Otherwise, the external inductances should be adjusted to
achieve an equal per-phase leakage inductance.

Basically, there are two ways to wind a transformer: conven-
tionally and coaxially. A conventional winding technique for
designing the three-phase symmetrical transformer for a two-
port converter has been proposed in [11]. The designed spatial
three-phase symmetrical transformer can easily be extended to
the three-port version as illustrated in Fig. 7. However, suitable
high-frequency core shapes are commercially unavailable.
Note that for a simple solution it would be possible to design
the transformer as three separated subtransformers since there
is no interphase coupling; however this results in a higher
transformer core loss, because the flux canceling effect does
not apply (the sum of the three phase fluxes equals zero).

Coaxial winding techniques are commonly used in radio-
frequency transformers. Fig. 8 shows the structure of a coax-
ially wound transformer. This technique offers a feasible
solution to contain the leakage flux within the inter-winding
space and thus prevents the core from being saturated locally
[12]. As a result, the core and copper losses are lower, and
localized heating is avoided [12]. Furthermore, from a mechan-
ics point of view, this technique offers reduced forces within
the transformer and a robust construction. In [12], it has been
demonstrated that coaxial windings can lead to low loss, low
leakage inductance power transformers in high-frequency soft-
switched dc-dc and resonant converters. Some of the important
loss aspects such as the influence of skin effect on winding
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resistance, the variation of core loss caused by non-uniform
core flux density, and the choice of the principle dimensions
and aspect ratios for maximum efficiency were examined in
[13]. Moreover, it is also possible for the primary to have
multiple turns [14]. Coaxial winding techniques therefore
provide a viable method for the construction of the converter
transformer.

Fig. 9 shows the schematic of the proposed coaxially wound
three-port three-phase transformer. The primary of each phase
consists of a straight tube of circular cross section. The star
point is realized by shorting the tubes at one end. Toroidal
cores are slipped over each tube to form the magnetic medium.
The secondary and tertiary wires can now be wound inside the
primary tube. For the proposed converter, the windings can
be arranged as: the primary using a tube and the secondary
and tertiary using twisted litz wires. With the coaxial winding
techniques, the leakage inductance can be minimized. Hence
external inductors should then be designed according to the
desired amount of power flow.

V. CONTROL STRATEGY

The control scheme aims to regulate the output voltage
and the power of the primary source simultaneously by using
the two phase shifts as control variables. An arbitrary power
flow profile in the system can be achieved by phase shifting
the three inverter stages as in the single-phase version [2].
The storage supplies/absorbs the transient power difference
between the load and the primary source. Since the three-port
converter can be viewed as a two-input two-output first-order
system [9], the control system can be implemented with PI
regulators based on the dual-PI-loop control strategy [7], one
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Phase- 
Shifted
PWMSOC

Manager

ϕ12

ϕ13

Inv 1

Inv 2

Inv 3
+
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*
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Fig. 10. Control scheme employing two PI compensators.

being employed to regulate the output voltage and the other
controlling the power of the primary source, as illustrated in
Fig. 10. Also incorporated in the control scheme is a state-of-
charge (SOC) manager for the storage [10].

The three-port converter can be modeled, using an averaging
method, as three controlled dc current sources whose ampli-
tudes are determined by the two phase shifts [9]. The current
at each port (iP1, iP2 and iP3, see Fig. 2) can be averaged
over one switching cycle, being a function of the two phase
shifts. We can assume that the voltages at the ports are kept
constant. Then the average current is the power divided by
the port voltage. Thereby, the current source functions can be
obtained. They are nonlinear functions of the two phase shifts
and should be linearized at the operating point for a control-
oriented model [9].

The control variables are ϕ12 and ϕ13. Fig. 11 shows the
small signal control loop block diagram of the TAB converter
[9], where Gc1(s) and Gc2(s) are the transfer functions of the
PI controllers. G11, G12, G21 and G22 are the small signal
linearized gain of the converter, which can be derived from
the power flow equations [9]. The block with gain “-1” is due
to the definition of the direction of iP2 in Fig. 2. The block
with gain “V1” is needed because the power is equal to the
average current times the port voltage. KM is the gain of the
phase shift modulator. H1(s) is transfer function of the load
port formed by the filter capacitor C2 and the equivalent load
resistance RL:

H1(s) =
RL

1 + RLC2s
(10)

and H2(s) is the transfer function of the RC filter which filters
out ac components in iP1:

H2(s) =
1

1 + τIs
(11)

where τI is the time constant of the filter.
Not surprisingly, the two PI control loops are coupled and

influence each other [15]. The bandwidth of the voltage control
loop (ϕ12) is tuned higher (5 to 10 times higher) than that of
the power control loop (ϕ13) so that the interaction is reduced
while a fast response to the load variations is guaranteed. One
can regard the former controller as the master while the latter
is the slave.

A further improvement will employ a decoupling network,
which eliminates the mutual effect, as also briefly discussed
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in [8]. In theory, the decoupling matrix D is the inverse of the
small signal gain matrix Go of the converter:

D = G−1
o =

1
G11G22 − G12G21

[
G22 G12

G21 G11

]
. (12)

Therefore, the total system gain matrix becomes diagonal and
the interaction is eliminated, and the system can be controlled
as two single-input single-output (SISO) systems:[

ΔIp2

ΔIp1

]
= DG−1

o

[
Δϕ12

Δϕ13

]
=

[
Δϕ12

Δϕ13

]
. (13)

Notwithstanding its elegance, the decoupling network re-
quires more computation power and needs real-time updating
of the gain matrix Go. It should also be noticed that the delay
between the control/gating signals and the actual voltages
applied to the transformer has to be taken into account because
these affect the operating point (the actual phase shifts) which
directly influences the gain matrix of the converter. Without
this measure, the system cannot be satisfactorily decoupled.

VI. SIMULATION RESULTS AND DISCUSSION

To investigate the performance of the proposed topology, the
converter and control scheme were simulated with PSIM7.0
under a variety of operating conditions. Table I gives a list
of parameters used for simulation including the controller
parameters. A standard voltage set, 48 V primary source, 48 V
storage and 800 V dc output, is assumed. Because of the high
switching frequency (100 kHz), high power (10 kW) and the
low voltage (48 V), the required inductances are very small
for the source and storage sides in this simulated case.

Suppose that the system is symmetrical; that is, all the
inductances are equal when referred to the primary. Then the
power rating of each port is identical. For the situation that the
average power of the storage port over one switching cycle is
zero, the phase shifts should obey ϕ13 = 0.5ϕ12. Simulation
results in Fig. 12 illustrate the operating waveforms of the
converter, i.e., the voltages applied to the transformer and
inductors network and the corresponding currents through the
windings at ϕ12 = π/6 and ϕ13 = π/3. In this operating point
the average power of the storage port equals zero. The current
drawn from the primary source port iP1 (before filtering,

TABLE I
SIMULATION PARAMETERS FOR THE THREE-PORT SYSTEM

Description Symbol & Value
Primary source voltage V1 = 48 V dc
Load side voltage V2 = 800 V dc
Storage voltage V3 = 48 V dc
Switching frequency fs = 100 kHz
Transformer turns ratio n2 = 16.7, n3 = 1
Inductance L1A = L1B = L1C = 0.05 μH
Inductance L2A = L2B = L2C = 0.05 μH
Inductance L3A = L3B = L3C = 14 μH
PI controller Gc1(s) K1 = 1000, τ1 = 10 ms
PI controller Gc2(s) K2 = 0.2, τ2 = 10 ms
LPF time constant H2(s) τI = 1 ms
Phase shift modulator gain KM = π/500
Feedback gain KF1 = 1
Feedback gain KF1 = 1
Nominal load resistance RL = 64 Ω (for 10 kW)
Output filter capacitor CL = 5000 μF
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Fig. 12. Simulation results showing the voltages generated by the three-phase
bridges and the currents through the transformer windings at ϕ12 = π/3 and
ϕ13 = π/6 (phase A).

as indicated in Fig. 2) is also shown in the figure, being
unidirectional, and the ripple is much reduced compared to
the single-phase TAB converter.

Suppose that the power flow of the primary source is
unidirectional, i.e., P1 > 0 under all situations. The maximum
power flow to the load port occurs when ϕ12 = π/2 and
ϕ13 = 0. For this particular operating point, results from
simulation are shown in Fig. 13. As can be seen, the currents
are close to sinusoidal waves.
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Fig. 13. Simulation results showing the voltages generated by the three-phase
bridges and the currents through the transformer windings at ϕ12 = π/3 and
ϕ13 = 0 (phase A).

Simulation results of the power flow control based on the
dual-PI-loop control strategy are demonstrated in Fig. 14,
where the load pulsates between 5 kW and 15 kW in a time
interval of 10 ms. The step changes in the load were simulated
by suddenly adding/removing a resistor in parallel with the dc
capacitor. As shown, the power supplied by the primary source
P1 remains at 10 kW – the average power consumed by the
load, and the unmatched power between the source and load
is supplied/absorbed by the storage.

Furthermore, Fig. 15 displays the response of the control
system to an inverter-type load which draws sinusoidal current
from the capacitor at the load port. The average power is
again 10 kW. It is evident that the control system is capable
of regulating the output voltage and power of the primary
source simultaneously. The amount of the ripple in P1 is
determined by the bandwidth of the control loop. The higher
the bandwidth, the lower the ripple. In both of the simulated
cases, the PI regulators are implemented as

Gc1(s) = K1
1 + τ1s

τ1s
, Gc2(s) = K2

1 + τ2s

τ2s
. (14)

The controller parameters for simulation are listed in Table I.
Thus far, the single-phase version has been investigated

using laboratory experimental setups at a rated power of 1 kW
[7] and 3.5 kW [10]. It is intended to build a three-phase
version prototype at 10 kW to further explore the idea.
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Fig. 14. Simulation results of power flow control with a pulsating load.

Due to the fact that the converter is symmetrical in three-
phase, the only possible control variable is the phase shift
between the bridges. Therefore, other control methods such
as duty ratio control to extend soft-switching region [7] can
not be implemented in this topology straightforwardly. This
converter will be soft-switched under the condition that all the
dc voltages at the ports remain near constant. The converter
suffers from a limited soft-switched operating region if one or
more ports have a wide operating voltage.

VII. CONCLUSIONS

In this paper, a high-power three-port three-phase bidi-
rectional dc-dc converter has been proposed. The converter
comprises a high-frequency three-port transformer and three
inverter stages operating in a high-frequency six-step mode.
The circuit interfaces a primary source and storage to a
load and manages the power flow in the system. With the
external leveling system the operation of the primary source
can be optimized, for instance, operating it at a constant
power. The converter provides galvanic isolation and supports
bidirectional power flow for all the power ports. The advantage
of the three-phase version compared to the single-phase one
is the higher current handling capability and much lower
current ripple at the dc side, thereby lower VA rating of
filter capacitors owing to the interleaving effect of the three-
phase. The analysis of the topology and design issues of the
transformer as both a conventionally and a coaxially wound
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Fig. 15. Simulation results of power flow control with an inverter-type load.

structure were presented. Circuit simulation results under a
variety of operating conditions have been provided, proving
that the operating principle of the circuit and its dual-PI-loop
control strategy are sound.
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