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Series-Input Parallel-Output Modular-Phase
DC–DC Converter With Soft-Switching

and High-Frequency Isolation
Ali Mohammadpour, Leila Parsa, Maja Harfman Todorovic, Rixin Lai, Rajib Datta, and Luis Garces

Abstract—Multiphase soft-switching high-frequency isolated
dc–dc converter is proposed for power conversion in modular
stacked HVDC power transmission and distribution system. Input-
series output-parallel connection of current-fed full-bridge dc–dc
converter modules is proposed to increase voltage blocking capa-
bility at the input and decrease current ripple at the output. Basic
power electronic building block is zero-current switching (ZCS)
full-bridge phase-shift pulsewidth-modulated (PWM) dc–dc con-
verter. Phase shift between switches in each leg of the converter
is adjusted to control power flow, while phase shift between gate
signals of individual phases is selected according to the number
of phases in order to minimize ripple of the output voltage. Con-
verter analysis is carried out to develop a simple equivalent boost
converter model of the three-phase soft-switching converter suit-
able for system-level analysis and simulation. Strategies are devel-
oped to ensure fast detection of faults and continued operation of
the converter in the case of fault in one phase module. To verify
the proposed system design and analysis, experimental results on
scaled-down laboratory prototype are presented for a three-phase
ZCS dc–dc converter.

Index Terms—Isolated dc–dc converter, subsea power distribu-
tion, zero-current switching (ZCS).

I. INTRODUCTION

R ECENTLY, high-frequency isolated dc–dc power conver-
sion has gained special interest in high power applications,

including renewable energy power conversion, power distribu-
tion in microgrids, and solid-state transformers [1]–[4]. Modular
design of high-frequency isolated dc–dc power conversion pro-
vides high reliability and high power density as two essential
requirements of such applications [5]–[16].

Design of power transmission and distribution system for
distant subsea oil and gas fields is an emerging research area
with complex technical challenges. The oil and gas industry
is searching for more efficient approach for power delivery to
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subsea loads that offers high reliability and high power density
without significant increase in overall system cost. This grow-
ing interest is primarily caused by recent electrification trends
in oil and gas industry that demand electric power for subsea
systems, including pumps and compressors, electronic control
and communication systems, etc. The power transmission and
distribution level is in the range of tens of MWs to be distributed
to loads located as low as few miles in the sea bed. Electric loads
are usually distributed at subsea locations over a short or long
distance. In addition electric loads for newly discovered reserves
need to be connected to established power system [17]–[22].

For subsea oil and gas fields where bulk power is transmitted
over long distance, ac transmission provides technical chal-
lenges. The problem gets more severe for high-power loads
distributed over long distances. Additional charging current
flows along the length of submarine ac cable due to capacitance
of the cable. This capacitive charging current reduces the
capability of the cable for carrying useful load current. Longer
cable lengths result in higher capacitance and higher charging
current since capacitance is distributed along the length of
the cable.

For long distance, dc transmission has shown to be more effi-
cient compared to ac transmission. Power electronic converters
are required to connect HVDC and HVAC systems. Recent ad-
vances in high-voltage semiconductor device technology have
enabled power electronics technology to penetrate in power
transmission and distribution (T&D) systems using insulated
gate bipolar transistor (IGBT) and integrated gate commutated
thyristors (IGCTs). Conventionally, switches of the converter
are designed to handle voltages in the ranges of tens of kilovolts
to hundreds of kilovolts. For this purpose, switches are arranged
with series connection of several IGBTs or thyristors. Large size
and high count of component limit application of conventional
HVDC systems in subsea power systems. A promising system
topology for subsea power T&D, modular stacked direct current
(MSDC) is presented in [23]. The system is composed of cascade
symmetrical connection of modular three-level converters in
sending end and receiving end of the T&D system. The transmis-
sion line current is adjusted by a control loop to follow command
value that depends on the subsea load power. Robust, modular,
and fault-tolerant design of the systems makes it a top candidate
for subsea field power system. However, a major shortcoming of
systems is caused by bulky low-frequency subsea transformers
resulting in increased volume and mass of the system as well as
reduced reliability/maintainability. Objective of this paper is to
study replacement of dc–dc converters in the receiving end of
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Fig. 1. Schematic view of the proposed power conversion system with a three-phase inverter.

the system with high-frequency isolated dc–dc converters. Mo-
hammadpour et al. [24] have proposed high-frequency isolated
modular system architecture where preliminary open-loop op-
eration results were presented. In this paper, detailed analysis of
converter operation, small-signal modeling, closed-loop control
loop design, fault detection, and fault-tolerant operation of the
converter are discussed with comprehensive experimental test
results. Selection of the basic converter topology is limited by
several application dependent requirements such as current-fed
input, voltage and power level, and high-frequency galvanic iso-
lation. Here, current-fed phase-shift full-bridge converter is uti-
lized as the basic building block [25]. This converter is dual of
well-known voltage-fed zero-voltage-switching (ZVS) phase-
shift PWM dc–dc converter. The current-fed converter offers
ZCS for all primary IGBTs and ZVS for secondary diodes.

This paper is organized as follows. Proposed architecture for
subsea power distribution is presented in Section II. Steady-state
analysis and modeling of proposed multiphase ZCS current-
fed dc–dc converter is discussed in Section III. Small-signal
modeling and control of the converter is discussed in Section IV.
Experimental test results on scaled-down laboratory prototype
are presented in Section V. Finally, Section VI concludes the
paper.

II. SUBSEA POWER SYSTEM ARCHITECTURE

Schematic view of the proposed MSDC-based subsea power
distribution system is illustrated in Fig. 1. Proposed power con-
version system is based on high-frequency isolated two-level
dc–dc converters with series connected inputs and parallel con-
nected outputs. Three-level inverters are used at the output of
power conversion system to offer speed and torque control for
ac motors. Input ports of the converter modules are connected

in series. Outputs of the modular converters are connected in
a parallel-series configuration to provide a three-level dc link
for three-level inverters. The decision for the number of mod-
ules connected in parallel or series is based on the voltage and
current rating of the transmission line and dc link of the load.
Interleaving is utilized to reduce current and voltage ripple at
the intermediate dc link. Input stage modules are current-fed
zero-current-switching full-bridge PWM boost converters with
switching frequency in the range of tens of kilohertz. For isolated
boost converter, phase shift between two adjacent switches of
the two legs is controlled to regulate the output voltage. Further-
more, primary switches need to have reverse voltage blocking
capability. Galvanic isolation of dc–dc converters at the input
stage of subsea power conversion system creates flexibility in
design and interconnection of output stage. Fig. 2 shows detailed
schematic view of a three-phase version of the proposed dc–dc
power converter. Steady-state analysis and dynamic modeling
of the three-phase converter as well as its fault-tolerant control
will be discussed in the following sections.

III. STEADY-STATE MODELING AND ANALYSIS

Schematic view of a three-phase version of the proposed dc–
dc power converter is shown in Fig. 2. Each phase module is
a full-bridge zero-current switching dc–dc converter. Reverse
voltage blocking capability is required for primary full-bridge
switches. Fig. 3 displays steady-state waveforms of one phase
module. Upper leg switches, i.e., S1A and S1B , have comple-
mentary gate signals with a small overlap that is utilized for
ZCS. On the other hand, in order to control power flow in the
converter, gate signals for lower leg switches, i.e., S2A and S2B ,
are phase-shifted with respect to gate signals of upper leg.
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Fig. 2. Three-phase ZCS dc–dc converter.

Fig. 3. Waveforms of one module of the proposed three-phase converter.

Here, steady-state converter operation is analyzed to develop
a simple model that is suitable for system-level simulation while
it takes into account the effect of ZCS. Resonant frequency ωo

and characteristic impedance Zo of LC circuit formed by leakage
inductance of transformer and auxiliary secondary capacitor are
defined as

ωo =
1√
LC

, Zo =

√
L

C
(1)

Fig. 4. (a) Phase-shift full-bridge ZCS converter and (b) basic boost equiva-
lent.

where L and C are inductor and capacitor of the resonant circuit,
respectively. Normalized input current Jin is defined as

Jin =
ZoIin

Vo
(2)

where Iin is the input current and Vo is the output voltage. In
order to calculate the length of each interval in terms of normal-
ized input current and resonant circuit parameters, interval-by-
interval analysis of the converter is carried out. The length of
the first, third, and fourth intervals are calculated using circuit
analysis within that interval. The second interval duration is the
control parameter that is set by phase shift of gate signals. Fi-
nally, duration of the last interval is easily found by taking into
account constant switching frequency of the converter. As it can
be seen from Fig. 3, the converter is operating in the second
and last intervals for most portion of switching period. These
two intervals are equivalent to on state and off state of a basic
boost converter. Therefore, based on this analogy, ZCS con-
verter can be analyzed similar to a basic hard-switching boost
converter. Table I summarizes all the equations of the converter
for steady-state operation. Conducting devices are given during
each interval. Equations are presented for leakage inductor cur-
rent and resonant capacitor voltage. Length of the first, third, and
fourth intervals are given as a function of normalized input cur-
rent. As mentioned earlier, the other two intervals are specified
by phase shift and switching frequency of the converter. Fig. 4
shows one module of interleaved converter and its basic boost
equivalent. Investigation of this model and converter waveforms
suggest the following formula for duty cycle of equivalent basic
boost:

Deq =
T01 + 2 (T12 + T23 + T34)

Ts
(3)

where

Tij = Tj − Ti, i = 0, 1, 2, 3, and j = i + 1 (4)

where Tj is switching instant shown in Fig. 3. The output
current waveform is almost square wave if small overlap du-
ration is not considered. Duty cycle of the square waveform is
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TABLE I
SUMMARY OF EQUATIONS DESCRIBING STEADY-STATE OPERATION OF THE CONVERTER

Mode Conducting Devices iL (t) vC (t) ωo Ti j

I : [T0 − T1 ] S1 A , S2 A , S2 B , D1 A , D2 B
−V o

L (t − t0 ) + I in Vo Jin

I I : [T1 − T2 ] S1 A , S2 A 0 Vo −
I I I : [T2 − T3 ] S1 A ,S1 B , S2 A

−V o
Z o

sin (ωo (t − t0 )) Vo cos (ωo (t3 − t2 )) sin−1 (J in )

IV : [T3 − T4 ] S1 B , S2 A −I in
−I in

C (t4 − t3 ) + Vo cos (ωo (t3 − t2 )) 1
J in

(
1 +

√
1 − J 2

in

)
V : [T4 − T5 ] S1 B , S2 A , D1 B , D2 A −I in −Vo –

Fig. 5. Waveforms of interleaved converter operation.

controlled by adjusting the value of phase shift between gate
signals of the upper and lower leg switches. In other words, the
converter can be simplified as a basic boost converter where the
value of phase shift is equal to equivalent duty cycle. Fig. 5
shows waveforms of all the three modules and the total output
currents of interleaved converter. In fact the total output cur-
rent of interleaved converter tends to be a constant dc current
because of phase shift of gate signals of converter modules. Out-
put current ripple will depend on equivalent duty cycle of the
converter modules and the number of modules. For the proposed
three-phase converter, equivalent duty cycle of 2/3 would give
ripple-free output current. In practice, output current has small
ripple due to soft-switched current commutation of lower leg
switches.

IV. SMALL-SIGNAL MODELING AND FAULT-TOLERANT

CONTROL

The equivalent boost circuit model proposed in last section
can be used to develop small-signal model of the converter. Fig. 6
shows large-signal model of three-phase interleaved converter.
Applying KVL and KCL at input port and output port of the

Fig. 6. Large-signal model of interleaved three-phase converter.

model results in the following equations:

vin = Lin
diin
dt

+ 3 (1 − deq) vo (5)

(1 − deq) iin =
vo

RL
+ Co

dvo

dt
. (6)

Control to output transfer function can be found by linear per-
turbation of equations mentioned earlier and then using Laplace
transform equation, see (7) shown at the bottom of the page.

This transfer function can be presented as a standard second-
order system

Gvd (s) = Gd0
(1 − (s/ωz ))

1 + (s/Qω0) + (s/ω0)
2 (8)

where parameters are defined as

Gd0 =
1

1 − Deq
(9)

ω0 =
1 − Deq√
LinCo/3

(10)

Q = (1 − Deq)RL

√
3Co

Lin
(11)

ωz =
3 (1 − Deq)

2 RL

Lin
. (12)

This model can be used to design proportional–integral (PI)
compensators for output voltage regulation. Simplified control
block diagram for the purposed compensator is depicted in

Gvd (s) =
vo(s)
deq(s)

=
(Vo/(1 − Deq))

[
1 − (Lin/(3(1 − Deq )2RL ))s

]
1 + ((Lin/(3(1 − Deq)2RL ))) s + (LinCo/(3(1 − Deq)2)) s2 (7)
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Fig. 7. Closed-loop control block diagram for three-phase converter.

Fig. 8. Comparison of linear model Bode plot with data from PLECS switch-
ing circuit.

Fig. 9. Interleaved three-phase ZCS dc–dc converter.

Fig. 7. In order to validate proposed linear model, bode plot
of the linear model is compared with small-signal perturba-
tion analysis results on switching circuit obtained from PLECS.
Based on comparison of linear model and switching circuit plots
shown in Fig. 8, one can see that proposed linear model closely

Fig. 10. Control implementation on TMS320F28335 microcontroller.

TABLE II
LABORATORY PROTOTYPE SPECIFICATION

Item Value

Switching frequency 20 kHz
Nominal load power 3 kW
Nominal input voltage 300 V
Nominal output voltage 150 V

TABLE III
SELECTED COMPONENTS OF LABORATORY PROTOTYPE

Component Part No./Description

Primary switches IXGP30N120B3, High-Speed Low-Vsat PT IGBT 1200 V, 30 A
with series connected C4D15120A-ND, silicon carbide
Schottky diode 1200 V, 20 A

Secondary diodes C4D15120A-ND, silicon carbide Schottky diode 1200 V, 20 A
AC capacitors 2 ∗ 100nF SMD ceramic capacitors
DC capacitors 2 ∗ 470μF aluminum electrolyte capacitors
Input dc inductor 1.08mH with Toroidal Ferrite Core and 108 turns of AWG 12

wire
Microcontroller Texas Instrument TMS320F28335 DSP
IGBT driver HCPL-3120, Avago Technologies 2.5 A Optocoupler IGBT

driver
Voltage sensor LEM LV-20 Hall effect sensor
Current sensor ACS712ELCTR-20A-T
Transformer 1:1 turns ratio

Fig. 11. Prototype of three-phase ZCS dc–dc converter.

follow switching circuit model and, therefore, can be used for
small-signal analysis and controller design.

Reliability and fault tolerance are essential for subsea power
system. Proposed modular design is basically well suited for



116 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

Fig. 12. Experimental steady-state test results: (a) and (b) gate signals of the converter, (c) transformer waveforms for one module of the three-phase converter,
from top to bottom: secondary voltage, primary voltage, and primary current, (d) primary current (ac inductor current) and secondary voltage (ac capacitor voltage)
of two phases of the three-phase converter, and (e) input current and output voltage of the three-phase converter.

Fig. 13. ZCS of primary switches: (a) turn off of S2B and (b) turn off of S1A .
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Fig. 14. Power loss analysis of the converter.

high reliability, but proper fault detection and diagnosis tech-
niques are required in order to take advantage of system modular
design. Fig. 9 shows three-phase dc–dc converter with addi-
tional bypass switches SF 1 , SF 2 , SF 3 at the input of each full-
bridge module. Once a fault is detected in one module, its corre-
sponding bypass switch will close and the faulty bridge will be
inactive.

For fault detection and diagnosis, it is assumed that con-
verter is operating in continuous conduction mode (CCM) and
input current is almost constant. Under normal operation, cur-
rent waveform of the bridge switches are square wave pulses
with 50% duty ratio (similar to gate pulse of the correspond-
ing switch). Fault detection is carried out by sensing currents
of full-bridge switches with a sampling frequency well above
switching frequency and then estimation of the current pulse
duty ratio. If any fault, open-circuit or short-circuit, occurs in a
converter module, current pulse duty ratio will no more be 50%.
At this situation, fault flag corresponding to the fault module is
set and bypass switch is closed at the start of next fault detec-
tion period. Fig. 10 shows control architecture of the converter
implemented on TMS320F28335 microcontroller.

V. EXPERIMENTAL TEST RESULTS

A scaled-down laboratory prototype of the proposed three-
phase converter is implemented and experimental tests are car-
ried out to verify the design. Table II shows specification of
the prototype. Switching frequency of the converter is selected
to be 20 kHz. Output voltage and power of the converter are
selected to be 150 V and 3 kW, respectively. With the given load
specification, a nominal input voltage of truly scaled-down con-
verter would be 300 V. Table III shows selected components
for prototype implementation. For primary bridge switches,
high-speed IGBTs are used in series connection with silicon
carbide Schottky diodes to provide required reverse blocking
capability. The same Schottky diodes are used for secondary
bridge. For resonant capacitors connected in parallel with trans-
former secondary, two 100 nF ceramic capacitors are used.
Output capacitor of the converter is two 470 μF electrolytic
capacitors. Converter control is built on TMS320F28335 mi-
crocontroller from Texas Instruments. PWM gate signals are

generated using the microcontroller and are connected to IGBT
gates through open-collector buffers and HCPL-3120 optocou-
pler. Output voltage and switch currents are sensed using LEM
LV-20 and ACS712ELCTR-20A-T Hall Effect sensors, respec-
tively. Leakage inductance of the transformer is used as required
resonant inductor to achieve soft switching. Two sets of shell-
type Metglas C-cores with high-permeability amorphous alloy
and saturation flux density of 1.56 T are used as transformer
core. Five parallel branches with 44 turns of MWS 60/36 SP-
NSN155 Litz wire are used for both primary and secondary. Fish
paper and Kapton tape are used for core to winding insulation
and primary to secondary insulation. Input dc inductor is im-
plemented using C0–58907A2 high-flux Toroidal Ferrite core
and 108 turns of MWS HPN 155 AWG 12 wires for winding.
LCR measurement shows 1.08 mH inductance and 48 mΩ of
resistance. Fig. 11 shows picture of the implemented converter
that is composed of three stacked boards, three single-phase
transformers, and a digital controlled mounted on the top of the
power boards.

Experimental test results are displayed in Figs. 12–16. Gate
signal waveforms for phase 1 are shown in Fig. 12(a). It can be
seen that gate signals of upper leg switches are complementary
and gate switches of lower leg phase-shifted with respect to up-
per leg. Gate signal waveforms for switch A of each phase are
shown in Fig. 12(b). Phase shift between three-phase gate sig-
nals is adjusted to ensure ripple-free output current. Fig. 12(c)
shows waveforms of one of the single-phase transformers. Pri-
mary voltage is equal to zero two times over each switching
cycle—first, during the overlap time of upper leg switches, and
the second time during the overlap time of lower leg switches.
Oscillations of the primary voltage after the overlap interval are
important as they also represent voltage stress of the primary
full-bridge switches. As it can be seen, peak of the ac voltage at
transformer primary (peak of the voltage stress of the primary
switch) is just slightly higher than the output dc voltage. Voltage
waveform at the transformer secondary is of more smooth trape-
zoidal shape. Transformer current has a zero state in addition to
positive and negative input currents. Zero current of transformer
occurs during charge period of input boost inductor when both
switches of one leg are closed. Peak transformer current and
voltage are limited to input current and output voltage of the
converter, respectively. Fig. 12(d) shows waveforms of primary
current and secondary voltage of transformer for two phases
of the converter. It can be seen that waveforms are 120° phase
shifted like a three-phase balanced system. The input dc current
and the output voltage of the converter are shown in Fig. 12(e).
The dc value of the input current is 11.7 A, and the dc value of
the output voltage is 150 V.

Fig. 13 shows ZCS of primary switches for an upper leg
switch and a lower leg switch. Transformer primary current iL
and primary voltage vAB are shown together with gate signal of
IGBTs. ZCS of S2B is depicted in Fig. 13(a). During S2B /S2A

transition, S1A is on and S2A is turned on in advance of S2B turn
off. Therefore, primary current goes linearly from positive input
current value to zero making ZCS possible. Fig. 13(b) shows the
ZCS operation of upper switch leg where S1A has soft turn off.
In this case, S1B is turned on and inductor current will increase
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Fig. 15. Dynamic response of input current and output voltage of the three-phase converter for load change (a) from 20 to 10 Ω and (b) from 10 to 20 Ω.

Fig. 16. (a) Input current, output voltage, and gate signal during a fault transient, (b) input current, transformer secondary voltage, and gate signal during a fault
transient.

from zero to the input current values through a second-order
resonant behavior. Fig. 15 shows power loss analysis of the
converter while operating it with 10 A input current. Measured
efficiency is about 90%. It can be seen from power loss chart that
losses are dominated by primary full-bridge conduction losses.
This is due to high conduction voltage of primary switches and
series connection of IGBT and diode. In fact, reverse-blocking
IGBTs can be used to reduce voltage drop and increase effi-
ciency of the converter.

Fig. 15 shows results of dynamic response of the converter
for a load change from 10 to 20 Ω and vice versa. The reference
value of output voltage is 100 V. It can be seen that output
voltage follows its reference value in spite of large change in
load current with a fast dynamic response.

Test results for analysis of fault tolerance in converter are
displayed in Fig. 16. It is assumed that open-circuit faults occur
in one phase of the converter and that the proposed fault-tolerant
control is utilized to bypass the faulty phase and continue con-
verter operation using healthy phases of the converter. Fig. 16(a)
shows fault-tolerant operation under open-circuit of switch S1A .
Gate signal of S1B , input current Iin , and output voltage vo

show proper operation of the converter under fault condition.
However, dynamic response of the control system is slow. Thus,
based on fault information, a feedforward approach is used to up-
date phase shift and provide fast and smooth transient response,
as shown in Fig. 16(b), for another fault-transient experiment.
Gate signalS1B , input current, and transformer secondary (reso-
nant capacitor) voltages are shown in Fig. 16(b). Fault protection

is activated within two switching cycle. Faulty transformer volt-
age declines to zero gradually, and healthy converter module
keeps working to supply power to load.

VI. CONCLUSION

A multiphase current-fed dc–dc converter was proposed for
receiving-end power conversion system in modular stacked sub-
sea power distribution system. High-frequency isolated modular
design of the proposed system architecture offers high power
density and reliability. Soft switching is utilized to limit switch-
ing losses and electromagnetic interferences. A simple yet ef-
ficient model is proposed to analyze the converter operation
in steady state and transients. Fault detection and fault-tolerant
control strategies are developed to ensure operation of the sys-
tem even under failure of one phase. Experimental test results
on a scaled-down prototype confirm proposed system analysis
and design.
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