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Abstract— Before the automotive industry completes moving the
14V vehicle loads to the 42V net, HEVs and fuel cell vehicles will
likely employ a triple voltage - 14V/42V/High-voltage (200~500V)
bus system. This paper presents a low-cost, soft-switched, bi-
directional dc/dc converter for connecting the three voltage nets.
The converter consists of two half-brides and a high-frequency
transformer, which provides voltage level matching and galvanic
isolation between the two half-bridges for safety requirements.
The use of dual half-bridges minimizes the number of switching
devices and their associated gate drive components. Moreover,
snubber capacitors and the transformer leakage inductance are
utilized to achieve soft-switching. Therefore, no extra active
switches or passive resonant components are required for soft-
switching, further reducing component count. Control of power
flow among the three voltage buses is achieved by adjusting the
duty ratio and phase angle between the half-bridge output
voltages. Simulation and experimental data on a 2 kW lab unit
are included to verify the power flow control scheme.

Keywords-14V/42V/high-voltage dc/dc converter; EV/HEV
dc/dc converter; power flow control; soft-switching
l. INTRODUCTION
Because the 14V electrical system in present

automobiles has reached its limits of capability and cannot
meet the demands of future electrical loads and the desire
for replacing more engine driven mechanical and hydraulic
systems with electrical systems to increase efficiency, the
42V power net has been proposed to cope with the
increasing electrical loads. During the transition to the 42V
system, most automobiles are expected to employ a
14V/42V dual-level voltage system, in which a bi-
directional dc/dc converter is required to connect the two
voltage networks [1][2]. Additionally, most battery powered
hybrid electric vehicles (HEVs) employ a high voltage
(200~500V) (H.V.) bus for the traction motor drive. In
HEVs with a 42V alternator, a dc/dc converter supplied
from the 42V bus may be used to charge the H.V. battery as
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shown in Fig. 1(a). On the other hand, for HEVs having a
generator directly connected on the H.V. bus, a dc/dc
converter is typically required to charge the 14V and/or 42V
batteries.

Furthermore, fuel cell powered vehicles will require a bi-
directional dc/dc converter to interconnect the fuel cell
powered H.V. bus and the low-voltage buses for vehicle
auxiliary loads as shown in Fig. 1(b) [3-5]. An energy
storage device is also required for fuel cell start-up and for
storing the energy captured by regenerative braking because
the fuel cells lack energy storage capability. One way to
accomplish this is to utilize the vehicle 14V or 42V battery
with the bi-directional dc/dc converter. During vehicle
starting, the H.V. bus is boosted up to around 300V by the
dc/dc converter drawing power from the 14V and/or 42V
battery. This H.V. bus then supplies power for the fuel cell
compressor motor expanding unit controller and brings up
the fuel cell voltage, which in turn feeds back to the H.V.
bus to release the loading from the battery [4][5].
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Fig. 1. A dc/dc converter interconnecting 14V/42V/ H.V. bus nets
in HEVs and fuel cell powered vehicles.
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In summary, a triple-voltage bus (14V/42V/H.V.) system
will likely be employed in HEVs and fuel cell powered
vehicles as shown in Fig. 1, before all vehicle auxiliary
electrical components are moved to the 42V bus. While
dc/dc converters are available to interconnect any two of the
buses, to reduce component count, size, cost, and volume it
is desirable to employ an integrated dc/dc converter to
interconnect the three voltage buses instead of using two
separate ones. Aside from bi-directional power flow control
capability, the converter needs to provide galvanic isolation
between the low-voltage and H.V. buses to meet safety
requirements.  Further, soft-switching is preferred over
hard-switching because of the reduced level of
electromagnetic interference (EMI) and switching losses
with soft-switching [4-8].

This paper presents a low-cost, soft-switched, isolated
bi-directional dc/dc converter for interconnecting the three
bus nets. The converter is a modified version of the dual
half-bridge topology proposed in [5]. It utilizes snubber
capacitors and the transformer leakage inductance to
achieve zero-voltage and/or zero-current switching.
Therefore, no extra active switches or passive resonant
components are required, further reducing component count.
The inherent soft-switching capability and the low
component count of the proposed converter allow high
power density, efficient power conversion, and compact
packaging. A novel power flow control scheme based on a
combined duty ratio and phase shift angle control is also
presented. A 2 kW lab unit is built and tested. Simulation
and experimental data are included to verify the proposed
power flow control scheme.

Il.  PROPOSED INTEGRATED DC/DC CONVERTER

A. Description of the Proposed DC/DC Converter

Fig. 2 shows a schematic of the dc/dc converter, which
mainly consists of two half-bridge converters and a high-
frequency transformer, Tr, that links the two half-bridges.
The use of dual half-bridges minimizes the number of
switching devices and their associated gate drive
components. The high-frequency transformer provides the
required galvanic isolation for safety requirements and
voltage level matching between the 14V and 42V buses and
the H.V. bus, while the 14V and 42V buses share a common
ground. The leakage inductance of the transformer is
utilized as the intermediate energy storing and transferring
element between the two low-voltage buses and the H.V.
net.

The half-bridge converter on the right side, consisting of
two switches, Sz and S;, and a voltage divider of two
capacitors, C3 and C,4, connects to the H.V. dc bus and
provides an ac voltage of square wave, vr, to the
secondary winding of the transformer. The one on the left

side, also comprised of two switches, S; and S, and two
capacitors, C; and C,, connects directly to the 42V dc bus
and through an inductor, Ly, to the 14V dc bus. The left
side converter thus not only generates an ac voltage of
square wave, v to the transformer’s primary winding, but
also functions as a bi-directional chopper between the 14V
and 42V buses. Control of the power flow between the low-
voltage and H.V. sides can be achieved by adjusting the
switches’ duty cycle, the switching frequency, and/or the
phase shift angle between the transformer primary and
secondary voltages, as will be discussed in detail in the
following sections.

42V bus H.V. bus (200~500V)
|>42V SJ.JK- L t JEl S3J l?;: 1 A |<HV
avbus ~FC T o Cis 7[c,
NI o1 e
lav Ly, Viav V;LT - g Vi Vv
Viav 1:n
= 1 N S, 1
MBI T, Te. Jﬁi"cm T

Fig. 2. Schematic of the soft-switched, bi-directional dc/dc converter
for a triple-voltage bus system.

Across each switch there is a snubber capacitor
including the parasitic capacitance of the device. The
transformer leakage inductance, together with the snubber
capacitors, C,;~C,q4, is also utilized to provide soft-switching
for the switches, eliminating the problems of interaction
between the leakage inductance and diode reverse recovery.
The resonance between the capacitors and the inductor
enables the switches to turn on under zero current and
voltage, while the snubber capacitors allow them to turn off
at zero voltage. That is, turning off the conducting switch
diverts the current to the associated snubber capacitors and
charges it, resulting in a zero voltage turn-off. The diverted
current simultaneously discharges the other capacitor of the
same phase leg. Once the capacitor is fully discharged, the
inductor current flows through the anti-parallel diode. The
switch thus can be gated on under zero-voltage and zero-
current while its diode is conducting. A step-by-step
description of the soft-switching processes and soft-
switching conditions are given in [5].

It is thus apparent that no additional active switches are
needed for soft-switching. Moreover, no extra passive
resonant components may be required because the
transformer leakage inductance is used and the device’s
parasitic capacitance can be utilized as the snubber
capacitors, further reducing component count. The inherent
soft-switching capability and the low component count of
the converter allows high power density, highly efficient
power conversion, and compact packaging.



B. Equivalent Circuit and Power Flow Control

Because the phase leg of S; and S, acts as a bi-
directional chopper between the 14V and 42V buses, duty
ratio adjustment is utilized for power flow control between
the two low-voltage buses, making the two bus voltages,
Viav and Vg,y, track each other by

Vl4v =d 'V42v> (1)

where d is the duty ratio of the switches S; and S, defined
as d=to,/Tsw, Where to, is the conducting interval of S; and S3
and Ts, the switching period as shown in Fig. 3. For
14V/42V systems, the duty ratio is fixed at d=1/3 for normal
operation and can be changed to adjust the state of charge of
the low-voltage batteries if necessary. It is noted that the
two half-bridges operate at the same duty ratio.

In addition, a phase shift angle, ¢, between the
transformer primary and secondary voltages is employed for
power flow control between the 42V and H.V. buses as
shown in Fig. 3. For the discussion of the phase shift angle
based power flow control, a simplified, primary-referred
equivalent circuit is drawn in Fig. 4, where the half-bridges
are simplified by a voltage source and L represents the
leakage inductance of the transformer. At steady state, the
voltages across the capacitors, C; and C,, C; and Cy4, and
thus the positive and negative amplitudes of the voltage
sources are determined by the duty ratio. For d=1/3, the
voltage sources have positive and negative amplitudes of
2/3 of and 1/3 of the dc bus voltage, respectively. Idealized
voltage and current waveforms of the transformer can then
be illustrated in Fig. 5. Power flows from the 42V bus to the
H.V. bus when the phase of the transformer primary
voltage, vy, supplied by the 42V half-bridge is leading the
secondary voltage, vy, supplied by the H.V. half-bridge.
The converter thus works in the boost mode to power the
H.V. bus. By making the phase of the secondary voltage,
vy, leading the primary voltage, v, power flow can be
reversed.

The operation of the converter in one switching period
can be divided into four intervals triggered by the switching
instants and is represented by the four segments of the
transformer current waveform in Fig. 5. A power flow
equation can be derived from the relationships of the
transformer voltages and current. Assuming the duty ratio is
fixed at 1/3, i.e., gn=2n/3 at steady state, the power
transferred through the transformer can be expressed by

P— V42vr:/|-|v _ 9 1. )

2, L

SW S

g2_¢
[9 Az

where n is the transformer turns ratio, Ls is the transformer
leakage inductance, and f, is the switching frequency.

For a given design, the maximum power is determined
by
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Fig. 3. Gating signals for power flow control based on adjusting the
duty ratio and phase angle.

ItrL
.

Ls
2 > o
§V4ZV
1 1
- §V4zv B %VHV

Fig. 4. Equivalent circuit for the 42V and H.V. buses at d=1/3.
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Fig. 5. Ideal transformer voltage and current waveforms illustrating
power flow control between the 42V and H.V. buses at d=1/3.



Equation (2) indicates that, for a fixed duty cycle and
switching frequency, the power is related to the phase shift
angle and transformer leakage inductance. For a given
amount of power, a smaller leakage inductance results in a
smaller phase shift angle. To reduce the circulating current
and to improve the efficiency, the phase shift angle should
be kept as small as possible. Therefore, the leakage
inductance needs to be minimized. On the other hand, a
higher leakage inductance helps to meet the soft-switching
conditions [5].

T T T T T
8 Il Il Il L L
-1 l———f———l/f—/—'l———————l———
7 | Il L L n
6--77% ffffff :,,,7/,:, S
P I I \//J, - _ - _ _ ! __1_ _ =
| |
g 5////* ,,,,, —
R e e m—
[ R L AL T | [ N
T |
--——‘/%;/—‘ “F | ——V_Hv=ssov |-
2T 7 | —V_Hv=300V ||
1] e 1| —V_Hv=250v ||
Wb —Vviv=a00v |
0 $ $ $ } $ t t
0 20 40 60 80 100

Phase Shift [Degree]

Fig. 6. Power transferred across the transformer vs. phase shift angle
at various levels of Vy, (n=8, L=0.16uH, f,,=40 kHz, V4,,=42V).

Automotive applications usually require a peak power
for a short period of time, typically in several tens seconds.
Equation (3) can be used to help a design meet the peak

requirement. Fig. 6 plots the power transferred across the
transformer versus the phase shift angle at different voltages
of the H.V. bus, Vyy for a prototype design that specifies a
continuous power of 2 kW and a peak value of 5 kW. With
the design parameters: n=8, L.=0.16pH, fy,=40 kHz,
V4oy=42V, it can meet the peak power requirement when the
high voltage bus is over 250 V.

C. Configurations for HEVs and Fuel Cell Vehicles

Fig. 7 is a block diagram showing a configuration of the
proposed dc/dc converter in HEV applications, where a 42
V alternator is the power source and the dc/dc converter
provides power flow control for the 14 V and H.V. buses.
The H.V. side switches, S;3 and S, can be replaced with
diodes if power is not required to transfer from the H.V. bus
to the 14V/42V buses. This configuration is particularly
suitable for 42V integrated starter/alternator based mild
hybrid utility and recreational vehicles that require an
auxiliary ac power supply of 50Hz or 60Hz, i.e. a single
phase inverter powered by the high voltage bus.

Fig. 8 illustrates the dc/dc converter in fuel cell powered
vehicle applications, where a fuel cell stack is the power
source, and the dc/dc converter provides power flow control
for charging the 12 V and 36 V batteries during normal
vehicle operations and for powering the H.V. bus for startup
of the fuel cell stack.

I1l.  SIMULATION AND EXPERIMENTAL RESULTS

Detailed circuit simulations were performed to verify
the design goal of the prototype, which is to ensure that at
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Fig. 7. The proposed dc/dc converter for HEV applications.
42V bus H.V. bus (200~500V)
S1 | % = e Ss =
I Jl'— Crl Cl Tr J Cr3 C;
de b
2V 14V bus T L Nig —= HV.
load B ez ) 3 Cell load
12v | 22V i o Stack
load Sz |iq #:: oo S“JK = '—‘L
H Cr il 2 Ciy Cy
+ AL

Fig. 8. The proposed dc/dc converter for fuel cell powered vehicle applications.



least 2 KW can be transferred in both directions at a voltage
range of 200~400V for the H.V. bus. Figs. 9 and 10 are
simulated waveforms, where V_14v, V_42v, V_HV, VTrH,
VTrL, iTrH, Watt_H, and Watt_L represent the bus voltage
of the 14V, 42V, H.V. buses, transformer primary and
secondary voltages, secondary current, power transferred to
the H.V., and 42V buses, respectively.

Fig. 9 shows the simulated results when power is
transferred from the low voltage buses to the H.V. net. In
(@), where the H.V. bus voltage, Vyy, is at the minimum
value of 200V and the phase shift angle is set at 26.5
degrees, the amount of power transferred to the H.V. bus is
2.1 kKW. In (b), Vv is kept at 400V and 5.1 kW can be
transferred to the H.V. bus at a phase angle of 34.6 degrees.
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Fig. 9. Simulation results showing power is transferred from the low
voltage buses to the H.V. net.
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Fig. 10. Simulation results illustrating power is transferred from the
H.V. net to the low voltage buses.

The counterparts for reversed power flow are shown in
Fig. 10. In (a), where Vyy is again at the minimum value of
200V, at the same phase shift angle of 26.5 degrees the
amount of power transferred to the low voltage buses is
2.0 KW. In (b), where Vyy is kept at 400V and the phase
angle is set at 34.9 degrees, 5.1 kW of power is transferred.
The simulation results thus confirm the design goal.

A 2 kW lab unit was designed, built, and tested to verify
the power flow control scheme. While the prototype design
specifies a switching frequency of 40 kHz by using
MOSFETSs as both the low and H.V. switches, IGBTs were
used for the high-voltage switches in the lab unit and the
switching frequency was reduced to 22 kHz. Fig. 11 shows



a photo of the unit. All components are mounted on a water-
cooled heat sink. The power flow control is implemented
with a digital signal processor.

To verify the proposed power flow control scheme, the
unit was tested by connecting a dc power supply at one bus
and resistive loads at the other two buses. Fig. 12 shows
experimental voltage and current waveforms when power
flows from the 42V bus to the 14V and H.V. buses, where
the amount of power transferred is 1.5 kW. The traces are,
from top to bottom, the 14V, 42V, and H.V. buses voltage
and current, Viav and l1ay, Vaov and laov, Vhv and lhv, the
transformer secondary voltage and current, vrry and iry, (for
their polarity, refer to Fig. 2). Figs. 13 and 14 illustrate the
same voltage and current waveforms for power flowing
from the 14V bus to the 42V and H.V. buses, and from the
H.V. bus to the 42V and 14V buses, respectively. The
amount of power transferred is 1.2 kW and 850 W,
respectively.

Fig. 11. Photo of the lab unit.
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IV. CONCLUSIONS
The proposed integrated dc/dc converter for triple-

voltage-bus  (14V/42VIH.V.) systems for automotive
applications has the following features:
e Uses only four switching devices, leading to

significant cost savings and higher power density.

e Requires no auxiliary circuits or complex control
dedicated for soft switching.



o Flexible power flow management due to the
capability of power transfer among all three voltage
buses by employing the combined duty ratio and
phase shift angle control scheme.

Simulation and experimental results on a 2 kW lab unit

confirmed the operating principles of the converter.
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