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Abstract—An isolated three-port bidirectional dc-dc converter
composed of three full-bridge cells and a high-frequency trans-
former is proposed in this paper. Besides the phase shift control
managing the power flow between the ports, utilization of the duty
cycle control for optimizing the system behavior is discussed and
the control laws ensuring the minimum overall system losses are
studied. Furthermore, the dynamic analysis and associated control
design are presented. A control-oriented converter model is devel-
oped and the Bode plots of the control-output transfer functions
are given. A control strategy with the decoupled power flow man-
agement is implemented to obtain fast dynamic response. Finally,
a 1.5 kW prototype has been built to verify all theoretical consider-
ations. The proposed topology and control is particularly relevant
to multiple voltage electrical systems in hybrid electric vehicles and
renewable energy generation systems.

Index Terms—Bidirectional, decoupled power flow manage-
ment, optimum operating point, three-port converter.

I. INTRODUCTION

R ECENTLY, demand for versatile energy management sys-
tems capable of capturing energy from diverse sustainable

and/or conventional energy sources, along with energy storage
elements, is increasing because of their potential applications in
hybrid electric vehicles (HEVs) and fuel cell vehicles (FCVs)
[1], renewable energy generation systems [2], and uninterrupt-
ible power supplies. The voltage levels and the voltage-current
characteristics of energy sources and storage devices are nor-
mally different from those of loads. Therefore, a multi-port con-
verter interfacing sources, storages and loads needs to be incor-
porated into the entire energy management system.

In electric vehicle applications, energy storage elements [3]
enable the capture of regenerative brake and energy release
during startup and acceleration. A multi-port converter accom-
modates diverse energy sources and storages, and combines
their advantages. Bidirectional power flow capability for the
ports interconnecting storages is a key feature of the multi-port
converter. Such a multi-port converter can also be employed
in the multiple voltage electrical power distribution system in
HEVs and FCVs. In order to meet the increasing power load
demand, 42-V bus [4], [5] is introduced in the electrical system
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and will replace the existing 14-V bus to provide power for
all auxiliary components. Changing from 14 to 42 V can only
be phased gradually from a practical point of view and during
the transition it will be necessary to employ a dual low voltage
system [6], [7]. Additionally, a high voltage (H.V.) bus such
as 300 V, is required for the electric propulsion system of a
HEV or a FCV. Therefore, a multiple voltage (14 V/42 V/H.V.)
electrical system will likely be employed in HEVs and FCVs.
Apart from the bidirectional power flow capability, the system
requires the galvanic isolation between the low voltage and
high voltage buses for safety reasons, although the isolation
is not normally required between the low voltages of 14 and
42 V. Furthermore, for a system with ports, control
variables are necessary in order to independently control the
power flow of each port in an autonomous system.

Since a dc-dc converter can connect any two ports, it is nat-
ural to think of linking ports up either by individual dc-dc
conversion stages with a common dc bus where energy from all
ports is exchanged, or even simpler, by only conversion
stages with the use of one port as the common dc bus. These
conversion stages are controlled independently and a communi-
cation bus may be needed for the purpose of managing power
flow. Here an integrated multi-port converter, which utilizes a
single power conversion stage to interconnect all ports, instead
of the individual dc-dc conversion stages, can be introduced in
order to make the whole system simpler. Thus, cost, size, and
volume can be reduced due to less amount of devices and as-
sociated circuits. The reduced conversion step results in higher
power density and efficiency. Moreover, the complicated com-
munication that would be necessary between these individual
conversion stages can be eliminated due to centralized control.

A few integrated multi-port dc-dc converter topologies are
found in the literature. There are two categories for the integrated
isolated multi-port converter. One type of converter involves a
transformer in which there is a separate winding for each port,
as shown in Fig. 1(a), therefore, all ports are fully electrically
isolated [8]–[13]. The other type has a reduced parts count
where some windings are absent, as illustrated in Fig. 1(b), if
the system allows the corresponding ports to share a common
ground [14]–[20]. However, in most applications the voltage
magnitudes of ports are substantially different. For example, in
renewable energy generation systems, safe, extra low voltage
batteries or supercapacitors are preferable since fewer storage
units are connected in series and fewer voltage balancing circuits
are required. Adjustment of the voltage levels via the transformer
turns ratio is beneficial in order to avoid the device handling
both high voltage and high current simultaneously. This paper
focuses on converters where all ports are fully isolated.
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Fig. 1. Two types integrated isolated multi-port converter. (a) A transformer
with a separate winding for each port is involved. (b) A transformer with a re-
duced number of windings is employed since the system allows some ports to
share a common ground.

A method based on a time share concept has been proposed
in [8]. Here, only one port is allowed to transfer energy from/to
the common magnetic component at a time. Thus, the power
rating is limited. The converter based on flux additivity in a
multi-winding transformer is described in [9]. Although this
topology has the capability of simultaneous power transfer, the
reverse-blocking diodes only allow unidirectional power flow
and prevent it from the applications where energy storage ele-
ments are needed. A converter topology, viewed as an extension
of the boost-dual-half bridge topology [21], has been described
in [10]. The converter presents the natural property of being
bidirectional in the power flow. Although the existence of boost
inductor reduces the port current ripple, it increases system cost,
size, and limits the system bandwidth, thus slows the system dy-
namic response. Furthermore, a resonant converter topology is
developed in [11], but it is not easy to implement.

Derived from the dual-active-bridge topology [22], a multi-
port converter employing a multi-winding transformer is pro-
posed in [12] and [13], as shown in Fig. 2. The high-frequency
transformer not only integrates and exchanges the energy
from/to all ports, but also provides full isolation among all
ports and matches the different port voltage levels. A bidirec-
tional power flow can be managed by adjusting the phase-shift
angle between the high-frequency ac voltages generated by the
full-bridge cell at each port. For a wide voltage variation, the
multi-port converter cannot operate optimally since there are
high peak/rms currents which lead to high conduction losses,
and even the loss of soft-switching in some cases. The improved
method, presented in [23], of continuously adjusting the duty
cycle on one port according to its voltage level works satisfac-
torily. However, it loses soft switching immediately when more
than one power source/storage element are involved. The idea in
[24] is that a multi-port converter composed of half-bridge cells
instead of full-bridge cells operates under phase shift in combi-
nation with pulse-width-modulation control technology. Again,
this converter can only be used in the applications where only one

Fig. 2. Proposed isolated three-port bidirectional converter, where high fre-
quency linking of the full-bridge cells is realized via a single transformer.

power source or storage is interconnected since the same duty
cycle is used in all the half-bridge cells and is the only variable
that can compensate for the variation of the voltage level.

This paper presents an optimization method for the topology
depicted in Fig. 2 with the aim of minimizing the overall system
losses, where zero circulating power within the converter is en-
sured, and the variation of the duty cycle at each port reduces
the switching losses for port voltage variations. This feature al-
lows efficient power conversion, low weight and low volume
construction. Additionally, the small signal model of the system
and the associated control design of the converter are devel-
oped. Due to the employment of the decoupling network, the
multivariable control system can be decomposed into a series
of independent single-loop subsystems, where the loop inter-
action can be eliminated. Therefore, high bandwidth for each
control loop and fast dynamic response are achievable. A proto-
type of the multi-port converter has been built and successfully
tested. The experimental results confirm the theoretical anal-
ysis and show the decoupling and good dynamic response. The
proposed converter is a good candidate for the multiple voltage
electrical system in HEVs and FCVs, and has distinct advan-
tages of full isolation, bidirectional power flow, high efficiency
and low weight.

II. CONTROLLABILITY OF THE POWER FLOW IN THE

THREE-PORT CONVERTER

A. Topology Description and Equivalent Circuit of a
Three-Winding Transformer

Fig. 2 shows the proposed multi-port converter, where the
H.V. bus (port 1), 42 V-bus (port 2), and 14-V bus (port 3)
are coupled via a three-winding transformer and corresponding
full-bridge cells. A traction motor, for example, can be con-
nected to the H.V. bus through an inverter. The energy storage
elements, such as batteries and supercapacitors, can be inter-
faced with the dual low voltage buses, i.e., 14- and 42-V bus.
The transformer has two functions: one is providing electrical
isolation between these buses and the second is that different
voltage levels in the buses can be matched by the suitable turns
ratios. Since the current flowing in a full bridge cell can be bidi-
rectional, this topology has bidirectional power flow capability.
For example, 14-V bus can be charged by the energy generated
from the generator (H.V. bus). On the other hand, it can also
provide power to 42-V bus during start up when needed.
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Fig. 3. (a) Equivalent circuit of a three-winding transformer. (b) Y-type pri-
mary-referred equivalent circuit of the proposed converter used for analyzing the
dependency of the power transfer between the ports on the control signal phase
displacements. (c) �-type primary-referred equivalent circuit of the three-port
system.

The equivalent circuit of a three-winding transformer given
in [25], is shown in Fig. 3(a), where is the effective mag-
netizing inductance and and are two ideal transformers
with turns ratios and . The transformer leakage in-
ductance which determine the power transfer in connection with
the phase displacements of the individual full-bridge cell con-
trol signals are represented by , , and .

B. Direction of the Converter Power Flow

To determine the power flow in the converter, we will rep-
resent the output voltages of the full-bridge cells by the square
wave voltage sources , , and with a duty cycle of 0.5.

, , , , and , , , are referred to the primary side
(H.V. bus) of the transformer, and represented by ,

, , , and ,
, , , respectively, where

and are the dc voltage level of 42- and 14-V bus, and ,
, are the leakage inductance currents of each winding. Fur-

thermore, we neglect the transformer magnetizing inductance
. The resulting equivalent circuit of the proposed system is

shown in Fig. 3(b). The phase shift of the control signals of two
full-bridge cells (the square wave voltage sources and )
is denoted as in the following; accordingly, denotes the
phase displacement of and . There, and/or are de-
fined as positive when is leading and/or is leading .
The control range of and is from to .

The three-port converter can be simplified to a two-port con-
verter if the third port is open. Based on [22] we then have for
the power flow between two phase-shift controlled full-bridge
cells [cf. Fig. 4(a)]

(1)

where and are the magnitudes of and , and de-
notes the switching frequency. According to (1) the amount and
direction of the power flow is determined by the phase shift .

Fig. 4. (a) Equivalent circuit for studying the power flow between two ports
when the third port is open. (b) Fundamental phasor diagram of the voltages
and currents when � � �. (c) Fundamental phasor diagram of the voltages
and currents when � � �.

Fig. 5. Equivalent circuit for studying the power flow between three ports. The
direction of power flow is only determined by � , � , not by � , � , and � .

This is also immediately clear from fundamental phasor
diagrams of the voltages and currents which are depicted in
Fig. 4(b) and (c). and are the fundamental components
of and . The fundamental power transferred from port 1

to port 2 is

(2)

where , , is the magnitude of
, , denotes the phase displace-

ment of and the current which is perpendicular to .
For [cf. Fig. 4(b)], in case is leading , is smaller
than . Therefore, we have , the power flow is physi-
cally oriented from port 1 to port 2 and it reverses for

since then is larger than [cf. Fig. 4(c)].
The Y-type primary-referred equivalent circuit depicted in

Fig. 3(b) can be transformed into a -type equivalent circuit
shown in Fig. 3(c) which allows the resulting power flow of
the three-port system to be determined by superposition of the
power transfer of three two-port systems , , and

. For example, for , , and [cf.
Fig. 5(a)] the power flow is from to to and to
as . Therefore, is acting as a source and is con-
suming power. Dependent on the relation of and , port 3

can be sinking or sourcing power or remain at zero power.
In summary, a power transfer is possible in any direction be-

tween any ports and the direction is only determined by , ,
not by , , and (cf. Fig. 5).
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Fig. 6. Phase shift � for achieving � � �� � 1 kW and � � � with the
electrical parameters shown in Table I.

Fig. 7. Dependency of phase shift � on phase shift � for achieving zero net
power flowing to port 3, i.e., � � �.

C. Control With One Port at Zero Average Power

An important feature of this three-port system is to directly
supply power from one port, e.g., port 1, to another port, e.g.,
port 2, without charging or discharging the energy storage ele-
ment on the third port, e.g., port 3. This cannot be realized when
the magnitude of is lower than that of and/or even if
all power transistors of port 3 full-bridge cell are remaining in
the off-state as the anti-parallel free-wheeling diodes would be
forced into conduction by high full-bridge cell output voltages

and/or . Therefore, and have to be selected properly
in order to achieve and a given value of
(since the sum of the power of three voltage sources has to be
zero, , if the losses are neglected and a neg-
ative power value indicates that the power is absorbed by the
corresponding port).

Here, again , , and is assumed. For
the power of the ports, we then have

(3)

From (3), now the relation of and and of and can be
derived under the side condition of and

. As shown in Figs. 6 and 7 for an example operating point

Fig. 8. Definition of phase displacements and duty cycles of the full-bridge cell
output voltages � , � , and � .

( and 1 kW with the electrical parameters
shown in Table I) of the multiple voltage electrical system, there
are two solutions ( , ) and ( , ) for and . As
a set of higher phase shift values ( , ) results in a higher
peak current in the leakage inductance and in higher conduction
and switching losses, the lower phase shift values ( , ) are
chosen for the system control.

III. MINIMIZATION OF THE OVERALL SYSTEM LOSSES

A. Introduction of the Duty Cycle Control

In order to gain degrees of freedom for minimizing the overall
system losses, the duty cycle variation of the full-bridge cell
output voltages , , and is introduced in addition to the
phase shift control as shown in Fig. 8. The control range of ,

, and is from 0 to .

B. Zero Circulating Power

The power transferred from to , from to , and from
to will be denoted as , , and in the following.

To aim for minimizing the system losses, the circulating power
inside the system, which would not contribute to the power flow
of the ports, has to be prevented, i.e.,

(4)

has to be ensured. Considering and
with (4), we have , , and in dependency

on ,

(5)

C. Range of and

For controlling the system, five degrees of freedom, i.e., the
phase displacements and and the duty cycles , , and

are available. Defining the power flows of two ports, e.g.,
and and ensuring zero circulating power, two degrees of
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Fig. 9. Phasor diagram for the system voltages and currents.

freedom are remaining, i.e., the converter characteristics can be
expressed in dependency on and .

For the sake of simplicity, the further considerations are re-
stricted to the fundamental voltages and the fundamental cur-
rents. The corresponding phasor diagram is shown in Fig. 9,
where defines the orientation of the real axis .
Considering the phase displacement of and , i.e., of
and , can be expressed as

(6)

Accordingly, formed by and is

(7)

Introducing the phase displacement of and , which
is leading by can be alternatively formulated as

(8)

Combining (7) and (8) results in

(9)

Considering (9), the power flow now can be represented as

(10)

Substituting , , and
, in (10), can be represented as

(11)

Fig. 10. Operating Area A, i.e., admissible range of phase shift � and phase
shift � resulting from (13) with � � 1.5 kW, � � �1 kW, and � �

�500 W.

Analogously, we have and

(12)

Referring to (11) and (12), the duty cycles , , and now
can be expressed as

if
otherwise

(13)

where

Taking into account the restriction that the argument of an in-
verse cosine function should be within , (13) results in
a limitation on the operating range of the converter and/or in a
limitation on the admissible range of and . For example,
there follows considering

(14)

The corresponding range of , is denoted as Area in
Fig. 10. In analogy, Area and Area are resulting from

and . Considering all restrictions, the
system operating area finally has to be restricted to AreaA
defined by the intersection of Area , Area , and Area .

D. Power Loss Analysis

In this section, the losses in the power stage components are
estimated. These losses can be categorized into two main parts:
active component (MOSFET) losses and magnetic component
losses. Any other passive component losses, such as capacitor
losses and PCB losses, are neglected.
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Fig. 11. Overall system losses in the whole admissible operating area Area A
in dependency on � and � . One has to note, that operating point � is char-
acterized by the minimum overall system losses. Operating parameters: as for
Fig. 10.

1) MOSFET Losses: The two main power losses in
MOSFETs are the conduction and switching losses. The
conduction losses can be calculated straightforwardly from

, where is the on-resistance of MOSFET.
Calculating the switching losses is more involved than calcu-
lating the conduction losses. The energy dissipated during one
commutation can be estimated using a numerical solution of
an equivalent circuit that includes the most relevant parasitic
components such as the interterminal capacitances, and the
source and drain inductances. A detailed discussion of this
model is outside the scope of this paper.

2) Magnetic Components Losses: The main magnetic com-
ponent in the converter is the transformer. Additionally, series
inductors may also be needed if the transformer leakage induc-
tances are so small that it is difficult to precisely control the
phase shift angles required for transferring the demanded power.
The power losses in the magnetic components consist of the core
losses, which can be calculated by Steinmetz equation, and the
winding losses, which can be estimated by the equations in [26]
for Litz wire typically used in the 42- and 300-V windings and
in [27] for copper foil typically used in the 14-V winding.

E. Optimum Operating Point

The overall system losses, which are composed of the con-
duction and switching losses of MOSFETs, and the core and
winding losses of magnetic components can be evaluated nu-
merically for every point in the whole admissible operating area
Area A. In order to speed up the process and still to guarantee
accuracy, a discrete grid is chosen, which divides the allowable
range of the variable into 50 values and each value is then used
in the numerical calculation. It should be noted that the allow-
able range of the dependent variable, e.g., varies depending
on the value of the independent variable, e.g., in this case (cf.
Fig. 10). The contour plot of the overall system losses for all grid
points is illustrated in Fig. 11, for the particular power point as
in Fig. 10 and the electrical parameters given in Table I. Fig. 11
shows that operating point has lower overall system losses

TABLE I
ELECTRICAL PARAMETERS OF THE POWER STAGE

compared to the other grid points. This is clearly verified by an-
other operating point which is characterized by significantly
higher current amplitudes and higher voltage and current phase
displacements and significantly higher losses (cf. Fig. 16). There
is still one point which needs to be clarified is that any operating
point featured by and is determined by the fundamental
power, not the total power. Since the difference between these
two powers is relative small, it is acceptable that the operating
point is defined by the fundamental power.

IV. CONTROL STRATEGIES

A. Small Signal Model of the Three-Port Converter and Design
of the Decoupling Network

As mentioned in Section III-C, two degrees of freedom, i.e.,
and are available as the control variables for the system

control. For the multiple voltage electrical system in HEVs
and FCVs where an energy storage element, such as a battery
and/or supercapacitor, is connected to the bus to stabilize the
bus voltage, it is desirable to control the charging/discharging
current. Therefore, two port currents of the converter, e.g.,
and (cf. Fig. 13) could be the control objectives. The system
could be considered as a two input ( and ) and two output
( and ) system.

However, it is difficult to build a full-order small signal model
for the phase-shift controlled converter using the conventional
state-space averaging technique since the ac current of the
leakage inductance, whose average value over one switching
cycle is always zero, cannot be a state variable in the model
derived by using the state-space averaging method. It has been
shown in [28] that a pole due to the inductor appears at high
frequency, close to the converter switching frequency. There-
fore, the influence by the inductor dynamics can be neglected if
the model is used to predict low-frequency dynamics.

A simple approximate way to derive a control-oriented
system model is to let the leakage inductances tend to zero.
Assuming that system operating close to the optimum point
is ensured by the lookup tables where five degrees of freedom
of the optimum operating point can be obtained with the
reference signals of and as the index parameters, the
controller only has to slightly adjust the control variables, i.e.,

and in a given operating region. Accordingly, the small
signal model of the three-port converter can be derived by
linearization of the static control-to-output characteristic of the
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converter around the operating point. The current can be
expressed according to (11) and (12)

(15)

The Taylor series of above port current around the oper-
ating point is

(16)

where

with

In analogy, the Taylor series of the port current at the op-
erating point can also be obtained

(17)

where

with

In summary, we have the small signal transfer function matrix
of the converter

(18)

Fig. 12. Block diagram of the control system with the decoupling network.�
is the small signal transfer function matrix of the converter and� denotes the
transfer function of the decoupling network.

It can be observed that there is an interaction between two cur-
rent loops, which can be eliminated via a special compensation
network, that is a decoupling network . The role of decou-
pling network is to decompose a multivariable control system
into a series independent single-loop subsystems. Thus, the
system can be controlled using independent loop controllers,
e.g., and in this case, depicted in the
block diagram as Fig. 12, where the non-interacting decoupling
control structure proposed in [29] is adopted.

In order to achieve independent control loops, i.e.,
, the decoupling matrix could

be designed as

(19)

Thus, . For every optimum
operating point , the small signal transfer function matrix of
the converter is only a constant, i.e., no pole or zero is involved
since the inductor dynamics are already neglected, and so does
the decoupling network , which is the inverse matrix of .
Therefore, based on the optimum operating point lookup tables
mentioned above, the elements of the decoupling matrix can
also be calculated in advance and be stored as lookup tables as
well.

B. Implementation of the Control Strategy

Fig. 13 shows the implemented three-port system, where port
1 is connected with a voltage source 300 V, port 2 is
connected with an RC load, and port 3 is connected with an
RC load parallel to a voltage source 14 V, therefore, this
port can sink or source power or remain at zero power. ,

, and are the parasitic inductances (or possibly small
bulky inductors) acting as parts of the C-L-C filters, which are
used to limit the ripple currents flowing through the electrolytic
capacitors in RC loads. Film/ceramic capacitors are placed near
to the outputs of the full-bridge cells in order to absorb the high
frequency ac ripple currents generated by the full-bridge cells
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Fig. 13. Implemented three-port system. Port 1 is connected with a voltage
source; port 2 is connected with an RC Load and port 3 is connected with an RC
load parallel to a voltage source.

Fig. 14. Block diagram of the control loops in the implemented three-port
system.

effectively. Therefore, and are measured instead of
and , respectively. The output voltage of port 2 is

also regulated. Therefore, the whole control system includes two
inner current loops and one outer voltage loop, as illustrated in
the block diagram Fig. 14.

The control strategy is implemented in an Analog Devices
ADSP-21992 160-MHz DSP and a Lattice ispMACH4512V
CPLD. The values of five degrees of freedom, i.e., the phase
displacements and and the duty cycles , , and of
the optimum operating point, are calculated numerically in ad-
vance and are stored in the DSP as lookup tables with the current
reference signals as the index parameters. The elements of the
decoupling matrix are also calculated in advance and stored in
the DSP as lookup tables.

The DSP operates with a sampling frequency of 50 kHz for
both the current and voltage control loops. The voltage is
first sampled by the internal 14-bit ADC and then the voltage
controller generates the reference for the inner current loop.
The current reference values are used as the inputs to the mul-
tiple lookup tables to calculate the phase displacements and
duty cycles. To generate higher precision output values from the
lookup tables, the DSP uses linear interpolation rather than the

direct discrete values. Thus the system is then able to operate
close to its optimal point. The outputs of the two phase shift
angle lookup tables are adjusted by the controllers and manip-
ulated by the decoupling network to eliminate the interaction
between two current loops. Then together with the outputs of
three duty cycle lookup tables, the five values are written into the
CPLD where the correct 100-kHz PWM patterns are generated.

C. Control Loops of the Implemented Three-Port System

In the control system, there are three control loops, two inner
current loops, and one outer voltage loop. The response of the
voltage loop is slower than the current loops in order to mini-
mize their interaction. This is one guideline for designing con-
trollers. Here, we assume that the controllers are well designed
and there is no interaction between these loops, i.e., the current
loops and the voltage loop are totally decoupled. That is, the
perturbation of the lookup tables caused by the perturbation of
the output of the voltage loop, which is considered as a constant
when analyzing the current loops, are neglected.

The transfer function of the control loop illustrated in
Fig. 14 with the consideration of the decoupling network is

(20)

where denotes to transfer function,
and represent the anti-aliasing low-pass

filter and the digital low-pass filter, is the transfer func-
tion of the sample and hold in the A/D converter. The current
loop and voltage loop have the similar blocks, except

which describes the RC load connecting to port 2.
The theoretical open-loop Bode plots of these loops of the

three-port system are illustrated with dashed lines in Fig. 15,
where it can be observed that the magnitude of the current loop

is kept constant at low frequency and starts to drop off
beyond the lowest pole frequency of the digital filter. So a PI
controller would be sufficient to regulate this loop. The zero
of the PI controller is set around the lowest pole frequency in
order to let the drop off in the magnitude of the Bode plot be

20 dB/dec at the gain crossover frequency and the proportional
gain in the PI controller is suitably selected resulting in enough
margin between the gain crossover frequency and the frequency
where the drop off in the magnitude is 40 dB/dec. In a similar
way, the PI controller for the control loop can be designed.
Due to the pole composed of the resistor and the capacitor in the
RC load, the magnitude of the voltage loop drops off earlier
than that of the current loop . The zero of the PI controller
for the voltage loop is set around the pole caused by the RC
load. The resulting open-loop Bode plots of these three loops
including the PI controller are also shown in Fig. 15, where it can
be found that the gain crossover frequencies of the two current
loops are around 700 Hz and that of the voltage loop is around
100 Hz. Although the bandwidth of two current loops are close,
their interaction would be eliminated by the decoupling network
which will be verified in the experimental result section. The
bandwidth of the current loop is much higher than that of
the voltage loop , so the interaction between these two loops
can be minimized. Therefore, these three loops can be controlled
independently.
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Fig. 15. Open-loop Bode plots of the three-port converter and those with corresponding PI controllers: (a) the current loop � ; (b) the voltage loop � ; (c)
the current loop � .

Fig. 16. Measured waveforms, showing the voltages between the phase leg midpoints in the full-bridge cells and the leakage inductance current of each winding
with the reference signals � � 42 V �� � �1 kW� and � � 35.7 A �� � �500 W�. (a)–(c) for the operating point A (cf. Fig. 11).; (d)–(f) for the
operating point B (cf. Fig. 11). One has to note, that the operating point A in general is characterized by the lowest system losses.

V. EXPERIMENTAL RESULTS

The previous theoretical considerations have been verified
by an experimental setup whose circuit schematic of the power
stage is illustrated in Fig. 13 with the electrical parameters given
in Table I except is the voltage of an RC load on port 2 in-
stead of that of a voltage source.

Fig. 16 illustrates the measured steady-state operation results,
showing the voltages between the phase leg midpoints in the
full-bridge cells, i.e., , , and and the leakage inductance
current of each winding, i.e., , , , with the reference sig-
nals 42 V 1 kW and 35.7 A

500 W . The voltage waveforms are measured directly at the
phase leg midpoints of the full-bridge cells, so the voltages of
the lead inductances of MOSFET and the partly PCB layout in-
ductances are excluded, resulting in the difference between the

oscilloscope recorded waveforms and the ideal ones, especially
in the waveforms [cf. Fig. 16(c) and (f)] when the corre-
sponding current changes rapidly.

These particular operating points (see Fig. 16) are the point A
and the point B in Fig. 11. The converter has minimum overall
system losses with the optimal operating point A, resulting in
an efficiency 91.7%. By altering the operating point to the point
B, where the converter has significantly higher current ampli-
tudes (cf. Fig. 16), this leads to significantly higher losses and a
resulting lower efficiency of 72.6%. Fig. 17 plots the measured
converter efficiency of the optimum operating point and it
shows that the efficiency is above 90% over a wide range of
output power (0 to 500 W for port 3 with 1 kW) and,
therefore, the converter successfully operates with the minimum
losses controller.
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Fig. 17. Measured total system efficiency for different output power levels of
port 3 with the reference signal � � 42 V�� � �1 kW�.

Fig. 18. Measured system dynamic behavior with the pulsating current refer-
ence signal � � 0 A, � 35.7 A �� � �500 W�, � 0 A and � 35.7 A, and
the constant voltage reference signal � � 42 V �� � �1 kW�.

The measured system dynamic behavior, two port currents
and and the voltage of port 2 connecting an RC

load in response to the current reference variations along
with the constant voltage reference signal 42 V

1 kW , is shown in Fig. 18. At beginning the current reference
signal is 0 A. It steps to 35.7 A 500 W and later
steps back to 0 A. From the measured result, the voltage
and the current are well regulated, always kept around the
reference values. The control also shows excellent dynamics and
no cross-coupling of the control loops is remaining, i.e., the vari-
ation of the current reference signal does not influence on
the performance of another current loop . Therefore, these
control loops are regulated independently.

VI. CONCLUSION

In this paper, an isolated three-port bidirectional dc-dc con-
verter formed by a single three-winding isolation transformer
and corresponding full-bridge converter cells has been pre-
sented. The operating principle and optimization, steady-state
analysis, small signal model, and control strategy were de-
scribed. The experimental results for the 1.5 kW, 100-kHz
prototype were shown to verify converter operation and power
management features.

It is shown that the minimum overall system losses, no matter
the port voltage has a fixed value or a wide range, is achiev-
able by utilization of the duty cycle control combined with the

phase-shift control between the high-frequency ac voltages gen-
erated by the full-bridge cells. Controlling the power flow in-
dependently is implemented through the use of a decoupling
network.

This converter is suitable for multiple voltage electrical sys-
tems where a storage element is required such as in renewable
energy generation systems powered by solar and fuel cells.
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