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ABSTRACT A highly reliable modular DC-DC converter that is well-suited to the medium -voltage direct-
current (MVDC) grid applications is presented in this paper. Each power module in the proposed converter
is designed and controlled such that it employs two small film capacitors for transferring the power from
the source to the load. This feature eliminates the need for large electrolytic capacitors that are sensitive to
high temperatures and have high failure rates. Furthermore, each power module is configured as an isolated
converter, using an integrated high frequency transformer. Taking advantage of the leakage inductance of the
transformer, the switches benefit from zero current turn-off and soft turn-on. Each power module sees only
one switch or diode on the conduction path when transfering energy from the input to the link capacitors or
from the link capacitors to the output, which results in relatively low conduction losses. Another advantage
of the proposed converter is the possibility of having bidirectional flow of power. To form modular converters
that facilitate sharing voltage or current in high power applications, the input terminals and output terminals
of the power modules can be connected in series or in parallel. In this paper, an input-parallel output-series
(IPOS) modular configuration is considered to increase the voltage blocking capability at the output and
handle high currents at the input of the converter. In this paper, principles of the operation, design, and
analysis of the proposed modular converter are discussed in detail, and performance of the modular converter
is evaluated through simulations and experiments.

INDEX TERMS DC-DC converter, zero current switching (ZCS), medium -voltage direct-current (MVDC),
modular converter.

I. INTRODUCTION

MEDIUM-Voltage (MV) grid is typically used as an interface
between various renewable energy sources and different
loads. MV grids, as depicted in Fig. 1, may also be used as
a link between renewable energy sources and high-voltage
direct-current (HVDC) transmission system [1]. There are
two main approaches for stepping up the low input voltages to
medium voltages in MV grid: The first approach establishes
Medium Voltage AC (MVAC) grids by using low frequency
transformers with large turn-ratios, as shown in Fig. 1(a) [2],

[31, [4], [5]. However, high-voltage transformers that have
large turn ratios are costly and have low power density. The
second approach forms a Medium Voltage DC (MVDC) grid
by employing DC-DC converters with high voltage gains, as
represented in Fig. 1(b). This approach eliminates the need
for large low frequency transformers. High-power efficient
DC-DC converters that can offer large voltage gains are one
of the key components of the MVDC grid [6], [7]. Different
types of DC-DC converters have been proposed and studied
for MVDC application. Some of these converters are single
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FIGURE 1. An example of MV grid used as a link between renewable
energy sources/energy storage and an HVDC transmission system. a) MVAC
system using MV transformers. b) MVDC system using DC-DC converters.

module configurations [4], [7], [8], [9], [10], [11], [12],
[13], [14]. Soft-switching techniques are typically used in
these converters to minimize the switching losses. However,
in these converters power switches typically suffer from
extremely high voltage stress. Considering the limitations
of commercially available semiconductor devices, series
connection of switches seems inevitable in most of these
topologies. However, the voltage balancing across series
switches is challenging. Additionally, the series connection of
the switches can lead to more complex gate driver design [15].

Another category of DC-DC converters used in MVDC
grid are modular converters, which are formed by several low
power converters with series or parallel input/output terminals
[16]. Modular converters are excellent candidates for MVDC
grid application. Modular DC-DC converters allow the devel-
opment of high-power rating converters using commercially
available switches that have lower voltage/current ratings than
input or output voltages/currents. These converters decrease
the voltage stress (dv/dt) and problems associated with the
electromagnetic interference (EMI). They also reduce the total
harmonic distortion [17], [18], [19], [20], [21], [22], [23],
[24]. Another major merit of modular DC-DC converters is
the redundancy feature that allows them to operate under fault
conditions, as each power module or power cell can work
independently [25]. Additionally, maintenance of modular
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converters is expected to be easier [15]. Different modular
DC-DC converter topologies are proposed in literature for
MVDC applications. The most common topology used for
developing modular DC-DC converters is Dual Active Bridge
(DAB) converter [26]. A DAB converter is formed by an in-
ductor, a medium frequency transformer, and two full bridges.
DAB-based modular DC-DC converters offer numerous ad-
vantages such as soft switching capability and possibility
of having bidirectional power flow. However, designing a
high-power medium frequency transformer with large turns
ratio and realizing soft-switching at all operating points can
be challenging [26], [27], [28], [29]. Each power module in
a DAB-based modular converter requires 8 switches, which
increases total cost and make the control more complex. In
modular DC-DC converters, depending on the input and out-
put connections of modules, four basic configurations can be
defined: input-parallel-output-series (IPOS), input- series —
output-parallel (ISOP), input-series—output-series (ISOS), and
input-parallel —output-parallel (IPOP). Among these combi-
nations, the input-parallel — output-series (IPOS) configura-
tion is more suitable for applications that require high output
voltages, including MVDC grid [30].

Another type of modular DC-DC converter topology pro-
posed for MVDC grid is based on Modular Multilevel Con-
verters (MMCs) [15] and [31]. MMCs were introduced in
2002 as a very promising inverter topology for high-voltage
applications. Several DC-DC converters based on MMCs
have been proposed in literature [32], [33], [34], [35], [36],
[37], [38], [39]. A modular multilevel DC converter (M2DC)
is among these converters [15] and [39]. This topology is
more complex compared to DAB-based modular converters
and requires more switches [15]. Additionally, the circulating
current of M2DC can be high if it is designed for a high
voltage gain, and this may lower the efficiency of the con-
verter [15]. In [40], a soft-switching MMC-based modular
DC-DC converter is proposed. The soft-switching scheme of
this converter employs a quasi-square wave modulation, lead-
ing higher efficiency due to the soft switching. However, it has
difficulties with dynamic performance, and with complexity
of design and control.

Several resonant modular DC-DC converters have been
proposed, too. In [41], a modular DC-DC converter topol-
ogy using resonant cells is proposed. This converter benefits
from a multistring arrangement of switches that lowers the
voltage stress across the switches. The power cells are each
an isolated step-up resonant configuration connected in series
at the output, which leads to a high voltage gain. In [13] , each
power cell is formed by combining a boost converter and a
series-parallel resonant converter to allow the switches and
diodes benefit from soft-switching. This topology does not
require a transformer; thus, the cost and weight are expected to
be lower. Despite offering high efficiency, resonance in power
cells of [41] and [13], also, results in complexity of control
and higher values of switch peak current.

Considering the importance of modular DC-DC converters
in Medium Voltage DC (MVDC) and the problems associated
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with the existing approaches, there is a motivation to develop
new modular DC-DC converter topologies with improved
attributes. This paper proposes a new family of modular DC—
DC converter topologies based on a soft-switching Cuk-based
converter. In the proposed modular converter, each power
module is an isolated soft-switching bidirectional Cuk con-
verter that benefits from zero current switching (ZCS) at any
operating point. Compared to a DAB converter, this converter
requires a smaller number of switches. The zero-current turn-
off of the switches in the proposed converter allows using
any type of active switches, even Silicon Controlled Rec-
tifiers (SCRs) that are naturally commuted switches. SCRs
have numerous advantages over the other switches, including
lower conduction losses, higher voltage and current ratings,
lower cost, and higher reliability, which are all of particular
importance in the MVDC grid applications. However, use of
SCRs limits the switching frequency; thus, they are mostly ap-
pealing to high power systems. The main limitation of SCRs is
that they cannot be turned off with gate signals and they have
natural commutation. Adding zero current turn-off feature to a
DC-DC Cuk converter, enables the proposed modular DC-DC
converters to use SCRs. The soft switching converter used
as a power module in the proposed modular converter can
be categorized as a Quasi-Square Wave Converter (QSWC)
[42]. Unlike resonant converters, in which the link compo-
nents resonate continuously, in quasi-square wave converters
resonance occurs during only short switching intervals to fa-
cilitate soft-switching, and during the rest of the cycle their
operation is similar to that of PWM converter. This results
in lower current/voltage stress of the switches compared to
resonant converters. Moreover, the Quasi-Square Wave Cuk
Converter is designed such that the link capacitance is very
small, even for high power systems. If the resonating modes
are neglected, the link capacitor voltage seems to operate in
critical conduction mode. Another advantage of the QSW con-
verters, is that only one auxiliary passive component is added
to facilitate soft switching. In general, the advantages of QSW
converters include zero voltage or zero current switching, high
efficiency, small link energy storage element, and single-stage
power conversion feature. In the proposed modular converter,
the input terminals of the quasi-square wave Cuk converters
are connected in parallel while their output terminals are con-
nected in series, forming an IPOS modular configuration for
MVDC grid application. Depending on the specifications of
the system and application, the input terminals of the power
modules can be connected in series or parallel and the output
terminals can be connected in series or parallel.

The main contributions of this paper are as follows:

1) For the first time modular DC-DC converters based on
quasi-square wave Cuk converters are proposed, stud-
ied, and evaluated;

2) The proposed converter is less complex than DAB-
based, MMC-based, and resonant-based modular con-
verters;

3) The switches of the proposed converter have lower cur-
rent rating than resonant-based modular converters;
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4) The proposed converter is capable of using any type of
controllable semiconductor switches, including IGBTs,
MOSFETs, and SCRs; employing SCRs leads to higher
efficiency and lower cost in high power applications;

5) The soft-switching feature of the proposed converter
improves the efficiency and minimizes problems asso-
ciated with EMI,;

6) The proposed converter can transfer power in both di-
rections;

7) The proposed converter uses very small film capacitors
for each module; this eliminates the need for electrolytic
capacitors that have shorter lifetime than film capaci-
tors;

The authors studied the principles of the operation of this
converter in preliminary conference paper [43] and evaluated
the performance of one power module, i.e., a DC-DC quasi-
square wave Cuk converter, through experiment. In this paper
the performance of the converter is studied in more details.
Additionally, alternative topologies for reducing the number
of switches and passive components will be introduced in this
paper. Moreover, the performance of the proposed modular
converter with three power modules is evaluated through ex-
periments for the first time in this paper. Section II of this
paper, will study the principles of the operation of each power
module and the modular configuration. Design and analysis
will be discussed in Section III. Simulations and experimental
results will be presented in Section IV. Efficiency analysis is
discussed in Section V, and the proposed modular converter
will be compared with a DAB-based modular converter in
Section VI. The paper will be concluded in Section VII.

II. PRINCIPLES OF THE OPERATION

Fig. 2 illustrates the schematic of the proposed modular con-
verter, formed by several power modules. Each power module
forming this modular converter is an isolated soft-switching
DC-DC Cuk converter that can step up or step down the
voltage.The behavior of all power modules of the proposed
modular converter is identical in each mode of operation.
As mentioned earlier, the proposed modular converter can
employ controllable switches, including controllable switches
such as IGBTs and MOSFETs, as well as SCRs, which are
semi-controllable switches. Fig. 2(a) shows the modular con-
verter with SCRs and Fig. 2(b) shows the converter with
IGBTSs. The output voltage of a classic non-isolated Cuk con-
verter is negative. In Fig. 2(a) the transformer windings are
adjusted such that the output of each power module is positive.
Clearly, the positive output voltage can be realized regardless
of the type of switches that are employed. In Fig. 2(b) the
output of each power module is negative. The link capacitors
in each power module, C; and C; in Fig. 2(a) and (b), transfer
the power from the input towards the output, and the link
inductors, L;; and Ly, in Fig. 2(a) and (b), facilitate zero
current turn-off and soft turn-on. L;; and L, are very small,
and the leakage inductance of the transformer can play the role
of these inductors. This implies that the soft switching can be
provided at almost no cost.
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FIGURE 2. The proposed modular dc-dc converter that can use any time of
switch (SCRs, MOSFETSs, IGBTs): (a) with positive output voltage, (b) with
negative output voltage.
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FIGURE 3. The proposed modular converter with reduced number of
components.

Fig. 2 depicts IPOS modular configuration for handling a
high input current and a high output voltage. If switches with
high current rating to handle the input current are available,
the modular configuration can be modified to reduce the num-
ber of components as depicted in Fig. 3.

The proposed modular converter also has the capability
of interfacing several DC sources. The configuration shown
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FIGURE 4. The proposed multi-input modular configuration.

in Fig. 4 is a multi-input modular converter that interfaces
PV modules, batteries, and the MVDC line. The multi-input
configuration can be realized by either the multi-input-switch
configuration (Fig. 2) or the single-input-switch configuration
(Fig. 3). The concept of MVDC is mainly used to collect
the energy from different renewable sources and deliver it to
the grid. Thus, the proposed multi-input configuration is an
excellent candidate for this application.

As mentioned earlier each power module is, in essence, a
quasi-square wave Cuk converter. The main energy transfer
elements are the link capacitors, and the inductors only create
short resonating modes between charging and discharging of
the link capacitors. If the resonating modes are neglected,
the converter operates in Discontinuous Conduction Mode
(DCM) or Critical Conduction Mode (CRM).

Operating the converter in CRM or DCM for the voltage
or current of the main energy storage element also helps
to achieve fast transient response and high power density
and [44], [45], [46], [47], since smaller energy storage ele-
ments are required. Additionally, depending on the topology,
the voltage or current of the main energy storage element
reaches zero in CRM and DCM; therefore, a natural zero volt-
age/current switching can be realized [44], [45], [46], [47].
In QSW converters, an auxiliary passive component needs
to be added to form partial resonant transients between the
regular power transferring states of DC-DC PWM converters
operating in CRM or DCM to improve the efficiency.

As depicted in Figs. 5 and 6, there are 4 modes in a switch-
ing cycle. The behavior of the converter during each modes is
explained here:

® Mode I: During Mode 1 (charging mode), switches S1

and S2 are off, and only diode D2 conducts. The link
current (I k) is positive (from left to right) and is equal
to the input current (I;;, in Fig. 6). The positive link
current charges the link capacitors during this mode, and
the link voltage (Vipink) increases linearly. To end this
mode, the input side switch (Switch S1) is turned on.

® Mode 2: This mode is a partial resonant mode during

which both the output diode, D2, and the input switch,
S, conduct, and the link elements (L;;, Lyo, C;, Cy) are
shorted and resonate. During mode 2, the input switch
current gradually increases from zero (zero current turn-
on) while the output diode current, which is equal to the
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sum of input and output currents, Iy, +1Iy,, at the begin-
ning of this mode, decreases. The link current, which is
equal to the input current at the beginning of mode 2, also
decreases during this mode, and its polarity changes. The
slope of current increase/decrease and duration of mode
2 depend on the link inductance, i.e., L;j+L;. When
the current of diode D2 becomes zero, Mode 3, which
is the discharging mode, starts. At the end of mode 2 the
link current is equal to - Ipq.
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® Mode 3: During mode 3 (discharging mode), the
link current is negative (from right to left), and its
absolute value is equal to the output current, Iy,. Due
to the negative polarity of link current the link capacitors
are discharged and the link voltage decreases. The link
voltage decreases until it is close to zero. Mode 3 is
ended before the link capacitors are fully discharged,
since the link capacitors must have sufficient energy to
allow the link current to swing to the input current. To
end this mode, the output switch, S2, is turned on, and
this initiates the second resonating mode, Mode 4.

® Mode 4: Mode 4 can be divided into three stages. During
the first stage of this mode (Mode 4a), both the input
switch and output switch conduct, the link elements are
shorted, and the absolute value of the link current, which
is negative, increases until it reaches its peak value,
and then it decreases. When the absolute value of the
link current becomes equal to the output current again
(ILink=-]ILo|), the current of switch S2 becomes zero
and this switch is turned off. This initiates the second
stage of mode 4 (Mode 4b) during which switch S1
and diode D2 conduct. In case MOSFETs or IGBTs are
used, switch S2 can be turned off after Mode 4b starts.
Clearly, if SCRs are used, the switch will automatically
turn off when its current becomes zero. The link current
increases during Mode 4b and becomes positive. Once it
becomes equal to the input current (Ipjp=|I1|), switch
S1 stops conducting, and diode D1 starts to conduct.
At this point Mode 4c starts during which only diodes
D1 and D2 conduct. Link current continues to increase
during Mode 4c until it reaches a peak value, and after
that it decreases. Mode 4c ends when the link current,
which is higher than the input current during this mode,
becomes equal to the input current. At this moment,
diode D1 stops conducting, and mode 1 of the following
cycle starts. If MOSFETs or IGBTs are used instead of
SCRs, switch S1 must be turned off during Mode 4c;
otherwise, the link inductors and capacitors will continue
resonating after Mode 4c.

Fig. 7 depicts the equivalent circuit of the proposed power
module during each mode of operation.

The input-side diode (D1) can be removed. In this case,
Mode 4c will be eliminated and Mode 4 will be shorter,
which is desirable; however, for applications that require bidi-
rectional flow of power, both switches and both diodes are
needed.

In the proposed modular configuration, all power modules
are controlled such that they all have the same operation.

111. DESIGN AND ANALYSIS
To design and analyze the proposed modular converter, ini-
tially a single power module will be analyzed.

A. POWER MODULE ANALYSIS
As mentioned earlier each power module in the proposed
modular converter is in essence a quasi-square wave Cuk
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FIGURE 7. The equivalent circuit of each power module during modes
1to 4.

converter. In this converter, the resonant modes (Modes 2 and
4) are typically much shorter than charging and discharging
modes (Modes 1 and 3); therefore, they can be ignored when
designing the converter. The link capacitance is determined
such that the link capacitor voltage of the hard-switching
converter is in CRM. This increases the link capacitors peak
voltage; however, it allows using very small link capacitors.
Due to this this feature film capacitors, which have longer
lifetime compared to electrolytic capacitors, can be used in
this converter. It can be shown that the link capacitance in
each isolated power module (C;=C>) has the following rela-
tionship with the switching frequency (f), rated power of each
power module (P), input voltage of each power module (Vj,),
and the output voltage of each power module (V,):

P
f(Vin + Vo)?

In (1), Ciink is the equivalent link capacitance in each power
module. To make sure resonant modes are much shorter than
the power transfer modes, the equivalent link inductance of an
isolated power module, L, ¢, , where L, .y = 2L,1 = 2L, can
be determined by (2):

Ci =Cr=2Cjinx = (D

1

2 vV ClinkLr,eq

If the resonant modes are neglected, the peak value of the
link voltage, which is the sum of voltages across C; and
C,, can be calculated based on the input voltage and output
voltage of each power module, as follows:

Vlink, p= 2 ( Vin + Vo) (3)

> f 2

To determine the voltage gain ratio in a power module, res-
onating modes can be neglected. The unfiltered input voltage
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is equal to the link voltage during mode 1, and it is zero in
other modes. Similarly, the unfiltered output voltage is equal
to the link voltage in mode 3 and it is zero during other modes.
The average of the unfiltered input voltage, which is equal to
Vin, can be determined as:

1
Vin = ﬁ (Vlink, p tcharging)f 4

The average of the unfiltered output voltage, which is equal
to V,, is determined as follows:

1
Vo = ﬁ (Vlink, p tdischarging)f (%)

The voltage gain can be determined as:

Vo _ ! charging

= (6)

Vi tdischarging

It can be shown that the above relationship between input

and output voltages is valid even when resonant modes are

taken into consideration. Assuming D is the duty cycle of the
input side switch, according to Section II:

D= tdischarging 7
T
1—-D= tcharging (8)
T

From (6)—(8) the voltage gain can be calculated as when the

resonant modes are neglected:
V, D
0 = - )

Vin 1-D

This was indeed expected since each submodule is in
essence a Cuk-based converter.

To find the duration of conduction of each switch in
the soft-switching converter, the LC resonant circuits during
modes 2 and 4 can be solved.

B. ANALYSIS OF THE PROPOSED MODULAR CONVERTER
To determine the number of required power modules in a mod-
ular converter, the current and voltage stress of each switch in
a power module need to be determined. Here it is assumed that
the limiting factor is the low voltage rating of the switches
rather than their low current rating. The peak voltage across
the switches in a power module, Vs ,eqx , is equal to the link
peak voltage Vjju, p:

VS,peak = Vlink, P (10)

The voltage rating of the selected switches, Vs 404, needs
to be higher than Vg ... Considering an IPOS modular con-
verter formed by “N” power modules, the output voltage of
the modular converter, Vo oduiar 15 as follows:

(1)

VO_modular =N x VO

VO_modularZN X X Vm (12)

1-D
The input voltage of the IPOS modular converter is the
same as the input voltage of each power module.
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Using (3), (10) and (11), the number of required power
modules, N, can be determined by (13):

N > 2 x VO?modular

> (13)
VS,rated - 2Vin

According to (13) the number of required power modules
depends on the input and output voltages of the modular
converter and the voltage rating of the available switches
(Vs.ratea)- If the voltage rating of the switches (Vs r4r0q) is
lower than 2V}, the input terminals of the power modules can-
not be connected in parallel, and an input-series output-series
modular configuration is needed.

The equivalent link capacitance (Cj;,,; ) in each power mod-
ule can be determined by (14):

2Pm0dular7rat ed

N><VS2

(14)
,peakf

Clink =

where Pyoduiar_rated 18 the rated power of the modular config-
uration.

The proposed modular converter requires 2N switches and
2N capacitors. According to (14), the link capacitance is
very small in this modular converter. For instance, in a sys-
tem with Pyoguiar ratea =1 MW, Vin=1000 V, f=5 kHz, and
Vs rated=3 KV, Vo _modutar = 37.5 kV , the number of required
capacitors and switches will be 50, and the capacitance of each
capacitor will be 1.28 pF.

As mentioned earlier, when switches with high current rat-
ings are available, the proposed converter can be modified as
depicted in Fig. 3 to lower the number of switches to N+1
in this converter. The reduction of switch and passive com-
ponents count improves power density of topology shown in
Fig. 3 compared to the topology illustrated in Fig. 2. However,
the reduced switch topology has higher conduction losses than
the original converter.

C. CURRENT AND VOLTAGE STRESS OF THE
SEMICONDUCTOR DEVICES

The current stress of the input and output switches in the
original and reduced switch configurations are as follow:

I
Isw,in, original = ]_\l/ +1 (15)

I;
Idiode,out, original = ]v + Io (16)
Isw,in,reduced switch — Ii + NI() (17)
Idiode,out,reduced switch = 1_:/ + 1, (18)

where [; and I, are the input and output currents of the modu-
lar configuration.

The input side diode and output side switch conduct only
during the resonant modes and their current is small.

The peak voltage across the input and output switches in
each power module, which determines the voltage stress of
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FIGURE 8. The schematic of the power module with unequal primary and
secondary transformers turns.

Vink2 L

the switches, is as follow:

Vi
Vs peak =2 (Vin + V) =2(v,-n+ M) (19)

N

where Viy , Vo, Vo moduiar are the input voltage of the modular
converter, the output voltage of each module, and output of the
modular configuration.

D. THE EFFECT OF TRANSFORMER TURN RATIO ON
DESIGNING THE PROPOSED CONVERTER

It is possible to use transformers with unequal number of
primary and secondary turns. The schematic of an isolated
power cell with arbitrary primary and secondary transformer
turns is shown in Fig. 8. As seen in this figure, turn ratio of
the transformer, the voltage across primary capacitor, voltage
across secondary capacitor, current of the primary capacitor,
current of the secondary capacitor, capacitance of the primary
capacitor, and capacitance of the secondary capacitor are de-
noted by % =a , Vlink,1, Vlink,2, Ilink,1, Ilink2, C1, and
C2, respectively.

When the number of turns at the primary and secondary
of the transformer are not equal, the link peak voltage of
the primary and secondary capacitors will not necessarily be
the same. During the charging mode the primary side and
secondary side currents determine the peak voltage across the
primary and secondary capacitors (Viipk p1 and Viipg p2):

Ci1 Vi
I, = —L tinkPl (20)
tcharging
lin ~ Cy Vink p2 21

a Ccharging
During the discharging mode, the relationship between the

primary and secondary currents and the peak voltages of the
capacitors is as follows:

Cy Vj
a ILo _ 1 Vlink,P1 (22)
tdischarging
Cy Vj;
IL() _ link, P2 (23)
tdischarging
From the above equations we can show
C1 Viink,p1 = aC2 Viink,p2 (24)

If we select the following relationship between C1 and C2:
C; =aC, (25)

Then
Viink,P1 = Viink, P2 (26)
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TABLE 1. Specifications of the Simulated System

Parameters Values
Link capacitance in each power module (C; = C,) 0.64 pF
Link inductor (L,; = L) 75 uH

Input Voltage (Vi) 500 V

Output voltage of each power module (V) 750 V
Total Power 100 kW

Switching frequency (f) 8 kHz

Number of power module 12

Vin and Vo are equal to the averages of the unfiltered input
and output voltages and can be determined as follows:

1 Viink, p2lchargi
Vin = 2T (Vlink, plicharging w !
Leharging @ + 1
=Tor g Vlinkopt (27)
1
Vo = ﬁ (a Vlink, pildischarging + Vlink, Pthischarging) f
tai i
= % (a+ 1) Viink, p1 o

Using the above equations, Vi pi can be determined
based on the input and output voltages:

a
a+1

The peak voltage across the switches in primary and sec-
ondary side of the power module can be obtained as follows:

1
Vlink, pl = Vlink, p2 = 2 ( Vm + a+1 Vo) (29)

a+1 \%

st = —Viiuk, p1 =2 (Vin + —0> (30)
a a

Vsa = (a+ 1) Vijuk, pt =2 (@Vin + Vo) (31)

The number of required power modules, N, can be deter-
mined by (16):

VO_modular

Vs

Nz—d
, rat,
Logued — av,

(32)

By selecting a<1 the number of required power modules
can be reduced.

IV. SIMULATION AND EXPERIMENTAL RESULTS
This section presents the simulation and experimental results
corresponding to the proposed converter.

A. SIMULATION RESULTS
Both the original configuration (Fig. 2) and the reduced switch
configuration (Fig. 3) have been simulated, and the results

are presented in parts (A) and (B), respectively. In both cases
IGBTs are used.

1) ORIGINAL TOPOLOGY

A 100-kW converter with specifications listed in Table 1 has
been simulated in PSIM. Each power module handles about
8.3 kW and needs two small capacitors (C;=C,= 0.64 uF)
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FIGURE 9. Simulation results of the proposed modular dc-dc converter:
(a) Input current of a power module, (b) output current of a power
modular.
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FIGURE 10. The output voltage of (a) each power module, (b) modular
converter.

for transferring power from input to output. Figs. 9-11 rep-
resent the simulation results. The input and output currents
of each power module are shown in Fig. 9. Since the input
terminals of the power modules are connected in parallel, the
input current of each module is equal to the input current of
the modular converter divided by 12. The output current of
each module is the same as the output current of the modular
converter. Fig. 10 depicts the output voltge of each power
cell as well as the output voltage of the modular converter,
which is 9000 V. As expected, the output voltage of modular
converter is 12 times the output voltage of each module, which
750 V. Fig. 11 shows the currents and voltages of the input
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FIGURE 11. Simulation results of the proposed converter, (a) The current
flowing through the input-side switch and diode, (b) The voltage across
the input-side switch, (c) The current lowing through the output-side
switch and diode, (d) The voltage across the output-side switch.

and output switches. Negative current of a switch implies that
the anti-parallel diode is conducting. Zero current turn-off and
soft turn-on of the switches is verified in Fig. 11.

2) REDUCED-SWITCH CONFIGURATION

The reduced switch configuration has also been simulated
in PSIM. The specifications of the simulated converter are
similar to those of the original configuration simulated in the
previous part (parameters listed in Table 1). Fig. 12 displays
the total output voltage of the modular converter, link current,
and the voltage across the primary side capacitor. The output
voltage is 9000 V and is identical to the output voltage of the
original configuration. The peak voltage across the primary
capacitor is half the link peak voltage . Fig. 13 depicts the cur-
rent and voltage of the input switch. The input switch current
is 12 times higher than that of the original configuration.
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FIGURE 12. Simulation results of the proposed reduced switch converter:
(a) Output voltage, (b) link current, and (c) voltage across C;.
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FIGURE 13. Simulation results of the proposed reduced switch converter:
(a) Input current, (b) input switch current, and (c) input switch voltage.

B. EXPERIMENTAL RESULTS

In this section, two sets of experimental results are presented.
In the first set of experiments the operation of a power module
with SCRs is evaluated. In the second set of experiments the
performance of the proposed modular converter with MOS-
FETs is evaluated.
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TABLE 2. Specifications of the Hardware Setup for the 15t Experiment

Parameters Values

Link Capacitance (Cjiny) 5 uF
Link Inductor (L,) 16 pH

Input Voltage (Vin) 30V
Power of the Power module (P) 108 W
Load Resistance 6.3 Q
Switching Frequency (f) 3.3 kHz

SCR TN4015H-61

Tek Prevu I - 1

Input Ci urrent

Link Current

Link Voltage

Resonating mode 4 starts before the link voltage is
fully discharged, allowing ZCS §

(@D 5.004A on ® 250V~ €D 2004 0)[100ps ] 2.50G5/5 H ® x so00v
LM (5M points

FIGURE 14. The experimental results corresponding to a single power
module with SCRs: input current, voltage across the link capacitor, and link
current.

1) SCR-BASED POWER MODULE

A low-power quasi-square-wave Cuk converter with SCRs is
implemented in hardware to validate the performance of the
SCR-based power module in the proposed converter. A non-
isolated configuration is tested in this part. The parameters of
the converter are listed in Table 2.

Fig. 14 shows the input current, link voltage, and link cur-
rent of the dc-dc converter. As seen in this figure, between
each charging mode (Mode 1) and discharging mode (Mode 3)
there is a resonant mode (Mode 2 or Mode 4), which realizes
ZCS. As seen in Fig. 14, the peak value of the link capac-
itor voltage is 110 V. Fig. 15 depicts the voltage across the
input-side SCR and the current flowing through the input-side
SCR and its anti-parallel diode. This figure shows that during
the first resonating mode (Mode 2) the SCR current starts
increasing from zero, and it remains almost constant during
the discharging mode (Mode 3). At the beginning of the sec-
ond resonating mode (Mode 4), the current flowing through
the SCR starts increasing, it reaches a maximum value, and
then it decreases. Once the current becomes zero, the SCR
stops conducting, and the input diode conducts after this point.
Fig. 16 shows the voltage across the output-side SCR and
the current flowing through the output-side SCR and its anti-
parallel diode. A positive current in Fig. 16 implies the diode
is conducting, and a negative current implies that the SCR
conducts. As seen in Fig. 16, during Mode 1, the output diode
current is almost constant, and during Mode 2, it decreases to
zero. In Mode 4, initially the output-side SCR conducts for a
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FIGURE 15. The experimental results corresponding to a single power
module with SCRs: The voltage across the input-side switch, the current
flowing through the input-side diode and SCR.
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FIGURE 16. The experimental results corresponding to a single power
module with SCRs: The voltage across the output-side switch, the current
flowing through the output-side diode and the SCR.

short time, and then the output diode conducts. The voltage
ringing seen in Fig. 16 occurs due to the resonance of link
inductor and parasitic capacitors of the switches. A snubber
can be used to eliminate this voltage ringing. The experiment
further validated the description in Section II of the modes
operation.

2) MOSFET-BASED MODULAR CONVERTER
A Modular converter formed by three power modules, as
shown in Fig. 17, was designed and implemented in the hard-
ware. Each power module is isolated and uses MOSFETs.

The parameters of the implemented system are listed in
Table 3. Fig. 18 shows the total input current, input current
of one power module, and output current of the modular con-
verter. It can be observed from this figure that the total input
current is 5.4 A, the input current of one of the power modules
is 1.8 A, and the output current of the modular converter is
1.25 A.

Fig. 19 represents the voltage across the primary capacitor
in each of the three power modules.

Fig. 20 illustrates the link current of the three power mod-
ules. It can be observed that the link currents of the power
modules are identical, which is as expected.

569



ALFARES ET AL.: CUK-BASED MODULAR DC-DC CONVERTER FOR MEDIUM VOLTAGE

Three Isolated

T Control Board
I'ransformer

Input Switches

Output Switches
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FIGURE 17. Hardware setup of the modular converter.

TABLE 3. Specifications of the Hardware Setup for the 2"¢ Experiment

Parameters Values
Link Capacitance (Cy ;) 10 uF
Link Inductor (L) 11 pH
Input Voltage (Vin) 20V
power of the Power Modular (P) 108 W
Output Voltage (Vou) 75V
Switching Frequency (f) 5 kHz
MOSFET SUP90330E-GE3
Efficiency 87 %

Total Input Current of Modular

Input Current of Power Module

Output Current of Modular

FIGURE 19. The experimental results corresponding to modular converter
with three power modules: the three link voltages in each of the power
module.

14:10:56

08 May 2019

FIGURE 20. The experimental results corresponding to modular converter
with three power modules: link currents in each of the power module.

FIGURE 18. The experimental results corresponding to modular converter
with three power modules: the total input current of Module, Input current
of power module, and output current of Modular.

Fig. 21 depicts the voltage across the input-side switch and
the current flowing through the input-side switch and its anti-
parallel diode in one of the power modules. Fig. 22 depicts the
voltage across the output -side switch and the current flowing
through the output-side switch and its anti-parallel diode in
one of the power modules. According to (3) and (10), the peak
voltage of each switch is approximately twice the sum of input
and output voltages of a power module. As seen in Figs. 21
and 22, the peak value of the voltages across these switches is
around 80 V.

Fig. 23 represents the output voltage of the power modular,
whichis 75 V.

V. EFFICIENCY ANALYSIS

This section analyzes the efficiency of the proposed converter.
In the proposed modular converter, the switching losses are
negligible and conduction loss of the switches, transformer
loss, and filter loss are major sources of power dissipation. The
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FIGURE 21. The experimental results corresponding to modular converter
with three power modules: The voltage across the input-side switch, the
current flowing through the input-side switch and its anti-parallel diode.

measured efficiency of the modular converter tested in part B2
of Section IV is 87%. To determine the power loss breakdown,
accurate models of the components were used in PSIM and the
modular converter was simulated. Fig. 24 depicts the power
loss breakdown. The measured efficiency of the converter
and the efficiency determined through accurate simulations
are very close. To show that the efficiency of the proposed
converter increases at higher power level, simulations with
accurate component models were carried out for a number of
operating points, and as seen in Fig. 25, the efficiency reaches
91.4% at 400 W.

VI. COMPARISON TO DAB-BASED MODULAR CONVERTER
As mentioned earlier, DAB-based modular converter is the
most common modular DC-DC converter. In this section the
proposed modular converter is compared with a DAB-based
modular converter. Table 4 compares the number of passive
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FIGURE 22. The experimental results corresponding to modular converter
with three power modules: The voltage across the output-side switch, the
current flowing through the output-side switch and its anti-parallel diode.
TABLE 4. Comparison of the Modular Converters
Proposed
S Safiogss Gl v MRS Cell type DAB-Based modular
modular converter converter
Topology [26] Proposed
Schematic Fig. 2 of [26] Fig. 2
Input voltage 500 500
FIGURE 23. The experimental results corresponding to modular converter Output voltage of
with three power modules: the output voltage of the modular converter, each power module 2250 750

and input voltage of each power module.

21% 7%

62%

W Filter Loss Conduction Loss Transformer Core Loss

FIGURE 24. Power loss breakdown at 108 W.

elements, number of power modules, number of switches,
voltage stress across the switches, number of switches on the
conduction path, power rating of each power module, and the
efficiency of the two converters. The converters are designed
assuming the acceptable peak voltage across the switches is
between 2000 V and 2500 V. To achieve output voltage of
9000 V, four power modules that have total of 32 switches are
needed in a DAB-based modular converter while the proposed
converter requires 24 switches.
Comparison of the two converters can be summarized as
follows:
® The number of switches in DAB-based modular con-
verter is more than the number of switches in the
proposed converter.
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Number of passive
elements to obtain 32 24
soft switching

Number of power 4 12
modules
Number of switches 32 24

Peak value of the

voltage across 2250V 2500 V
switches
Number of switches
on the conduction 4 1
path
Power rating of each 25 kW per power 8.33 kW per power
power module module module
Efficiency (simulated) 96.7 % 98.7%

® The total conduction losses of the switches in DAB-
based converter is higher than that of the proposed
topology.
e As mentioned before, DAB-based modular converter
does not offer soft-switching for all operating points
e If a fault occurs in one of the power modules of the
DAB-based modular converter, this fault may cause los-
ing 25 kW of power while a fault in one of the modules
of the proposed topology, will cause losing 8.33 kW of
power.
As listed in in Table 4, the simulated efficiency of the
proposed converter is 98.7% at 100 kW while the efficiency of
DAB-based converter is 96.7%. The efficiency was calculated
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by considering only the conduction losses. The conduction
losses in DAB-based converter is obtain from [48].

VII. CONCLUSION

A Cuk-Based Modular DC-DC converter is proposed in this
paper for MVDC application. The unique features of this
new modular DC-DC converter are as follows: First, each
power module uses small film capacitors, which make this
modular converter reliable. Second, each power module in the
proposed modular converter is a soft-switching bidirectional
Cuk-based converter that promises zero current switching
(ZCS) at any operating point, and this leads to an efficient
modular converter. Third, SCRs can be used in this converter.
The proposed modular converter can employ controllable
switches, including IGBTs and MOSFETs, or SCRs, which
are semi-controllable switches. SCRs are low-cost, reliable,
and efficient, and are preferable for some high-power appli-
cations. Being modular, this converter has a large conversion
ratio. This paper presents the principles of the operation of
the proposed modular converter as well as the design proce-
dure. Moreover, a reduced-switch configuration based on the
proposed topology is introduced in this paper. Simulations and
experimental results are presented to evaluate the performance
of the proposed converter.
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