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Power losses of a bidirectional three-port DC-DC converter to be used in hybrid electric systems as a
function of the voltage conversion ratios and the output power are evaluated in this work. An analysis
and characterization of the current on the switches into the whole converter operating range are
presented. This analysis allows finding the semiconductor conduction intervals, necessary to calculate

the power losses. Such losses are evaluated considering both switching and conduction semiconductor
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losses as well as those in the transformer. The variables used in this evaluation are voltage conversion
ratios and transformer parameters like leakage inductances and turns ratios. Design considerations for
the high frequency transformer that allow minimizing the total power losses are proposed. Simulation
results are presented in order to validate the theoretical analysis.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The use of hybrid electric systems has significantly increased
due to their potential applications in hybrid electric vehicles
(HEVs), renewable energy systems, microgrids, distributed genera-
tion systems, among others [1-5]. In HEV applications batteries
and supercapacitors are commonly used as energy storages, due
to their high energy density and their capacity to absorb or deliver
peak power respectively, for example during a regenerative brak-
ing [6-8]. In these applications, the energy sources and storage
devices, such as batteries and supercapacitors, may present differ-
ent voltage levels respect to each other and respect to the load [9].
For this reason, it is necessary to incorporate electronic converters
as interfaces between the energy sources and the load, to adapt dif-
ferent voltage levels and to carry out an adequate power flow con-
trol [10]. A possible solution is the use of multiport converters
centralize the power flow control at only one unit in order to min-
imize size, cost and complexity of the system [11-13].

Different studies on multiport converters are reported in the
available literature. For example, in [14,15] a bidirectional three-
port DC-DC converter (TPC) is presented as a solution for hybrid
fuel cell system and uninterrupted power supply applications.
The power flow control consist in controlling the phase shift be-
tween the transformer voltages with fixed 50% duty-cycle.

The TPC topology can operates under soft-switching mode,
which allows obtaining high efficiency [16], but this mode only
can be reached within a reduced operation range, as a function of
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the voltage conversion ratio and the output power [11]. This is
an important drawback in applications where the voltage sources
change their value according to the state of charge (i.e. batteries
and supercapacitors) [17].

A bidirectional converter as an interface of batteries and sup-
ercapacitors for a HEV application is proposed in [18], where the
operation under soft switching mode is achieved by means of an
auxiliary circuit which works twice in every switching cycle. The
power losses analysis includes those produced by the auxiliary cir-
cuit. The total losses are compared with a hard switched counter-
part, and it can be concluded that the converter efficiency can be
increased up to 8%. In [19], an analysis of efficiency for different
load conditions is carried out for the same converter topology than
that presented in [18]. Soft switching mode is accomplished using
a more efficient auxiliary circuit working only once at each switch-
ing instant within each switching cycle and therefore it can be con-
cluded that this change in using the auxiliary circuit increases
efficiency.

In previous papers, power losses are evaluated considering the
DC voltages of the power supplies constant. For the applications
considered in this paper, the voltage conversion ratios and output
power could vary significantly for different operating conditions,
making the evaluation of power losses a more complex problem
to solve. Thus, the different operating conditions modify the con-
duction intervals of the power switches and the switching instants.

In this paper, an evaluation of power losses of the three-port
DC-DC converter is presented. This allows obtaining design con-
siderations for the transformer parameters like leakage induc-
tances and turn ratios. As a result, high efficiency under different
operating conditions can be obtained.
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This work is organized as follows: Section 2 describes the TPC
topology, its principle of operation and a characterization of the
current waveforms. In Section 3, expressions for the TPC power
losses are obtained. In Section 4, power losses are evaluated as a
function of leakage inductance and voltage conversion ratios. Sec-
tion 5 presents simulation results to validate the losses evaluation.
Finally, conclusions are drawn in Section 6.

2. Topology description and principle of operation

The TPC topology is shown in Fig. 1. Sources V4, V) and V; feed
the active bridges B;, B, and Bz which convert the DC voltage into
three alternating voltages, vr, v, and ¢4, respectively, to feed
the high-frequency transformer, Tr. Each bridge can operates as
rectifier or as inverter depending on the direction of the power
flow. Each switch S,,, shown in Fig. 1, is implemented by a power
transistor, Tyy, and an antiparallel diode, Dy, [17]. The subscripts x
and w represent the number of ports and switches, respectively. In
this paper, V, represents the voltage of a battery bank, V;, the volt-
age of a supercapacitor, and V3 load voltage for a hybrid electric
system with the particularity that V; should remain constant while
V; and V), may increase or decrease depending on the operation
point.

In this analysis, all the variables and parameters of ports 2 and
3, shown in Fig. 1, are referred to port 1, as follows:
L,f,z = L;z/nﬁ, Uty = 1/9—2/“2, Vz = V/Z/nz,igz = i;znz,irz = i;—znz and icz
= l./Clez for port 2 and L= LI[3/H§, Ur3 = 21’13/n3,V3 = V’3/n3,i33 = l.é3n3,
iry =ipyns and ics =i;ns for port 3, where npandns are the
transformer turns ratios of ports 2 and 3, respectively.

Fig. 2 shows a simplified TPC A-equivalent circuit, deduced in
[12], which allows simplifying the power flow analysis. In this fig-
ure, the ac voltages, vri, vr2 and vrs, represent the voltages gener-
ated by bridges, B;,B, and Bs, respectively, and the inductances
L12,L13 and Ly3 can be deduced as functions of leakage inductances
through a Y — A transformation as in [20]. The transformer magne-
tizing inductance is considered high enough as not to be included
in the model [21].

The TPC voltage conversion ratios are defined as follows:
d12=V,[(Viny),d13=V5/(Vin3) and the angles d,, and d;3 are the
phase shifts between vri-vr, and vrq-vrs3, respectively.

In [12] it is demonstrated that the power flow can be controlled
by manipulating the phase shifts 6, and J;3.
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Fig. 1. Three-port bidirectional DC-DC converter topology.

Fig. 2. TPC simplified circuit.

According to the electric equivalent circuit shown in Fig. 2, the
dynamics of current along the branches can be expressed as,

di, (0) _ v1x(0) — vy (0) (1)
do Ly 7

where x and y represent the ports involved in the equation,
0 = wt,w = 27fy, and f, is the switching frequency.

Solving (1), the expressions for ij>(6),i»3(0) and i13(6) (see
Fig. 2) can be obtained, which are also used to determine the
expressions for currents at each port as follows:

i1(0) = i12(0) + i13(0), (2)
i(0) = ix3(0) — i12(0), 3)
i3(0) = —i13(0) — i23(0). (4)

Based on (2)-(4) the expressions of powers at each port of the TPC
can be obtained by solving the following expression [17]

n
Py :l/ v1x(0)ix(0)d6. (5)
T Jo
In order to simplify notation, inductances of the A-equivalent cir-
cuit are normalized respect to L3, as L, = Ly3 /L1, and L3 = Ly3/Ly>.
Thus, the expressions for powers shown in Table 1, can be obtained
as a function of V.

2.1. Current waveforms characterization

Fig. 3 shows the main waveforms corresponding to the
equivalent circuit shown in Fig. 2: vry, vr» and v3; the branch
currents i2(6),i3(0) and i;3(f) and the current at each port
i1-q4(0),i2_q(0) and i5_,(0) for a particular operating point given by
1 < dj3 < djy and 0 < 612 < 3. The subscripts a and b represent
different cases of operating conditions which will be detailed fur-
ther on.

From the same figure, it is possible to define the current stages I,
Il and III when 0 < 0 < 12,012 < 0 < 613 and 613 < 0 < T, respec-
tively. The angle g;,_, corresponds to i,(0) zero crossing of the z cur-
rent stage. The voltage nominal values at the transformer terminal
are represented in dotted lines and solid lines correspond to a par-
ticular V; and V;, DC voltage level when d;5 < dq, < 1. This figure
also shows the conducting devices at each interval.

Considering a constant DC voltage at the load port V7, the volt-
age conversion ratios, di> and d;3, may change as functions of the
state of charge of the power sources. In order to obtain a constant
output power, variables 4;; and 6,3 have to be adjusted when the
voltage conversion ratios change. This results in different current
waveforms which modify the limits of the semiconductor conduc-
tion intervals.

To determine all possible conduction intervals, it is necessary to
calculate the zero crossing angles at the current ports for each ac-
tive circuits. Fig. 3 and Fig. 4(a) to (d) show all the possible current
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