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Abstract: DC transformers have emerged as essential devices for medium voltage DC (MVDC)-low
voltage DC (LVDC) distribution systems. However, conventional step-down single-level converters
have limits on the voltage level of the MVDC-LVDC distribution system. This paper proposes a
non-isolated step-down (NISD) DC transformer based on discontinuous conduction mode (DCM).
The proposed structure can withstand high voltage levels by sharing voltages between energy storage
modules dividing voltage levels. The proposed NISD DC transformer determines operational modes
based on energy storage modules and performs the voltage conversion process. The effectiveness of
the proposed NISD DC transformer is verified based on a case study using a power system computer-
aided design and electromagnetic transient simulation engine including DC (PSCAD/EMTDC™).

Keywords: DC distribution; DC transformer; modular multilevel converter; non-isolated converter;
step-down converter

1. Introduction

As climate change poses increasingly significant environmental challenges, there is a
worldwide increase in the demand for renewable sources of energy that are sustainable and
environmentally friendly. In accordance with the International Energy Agency, renewable
energy will comprise 29.8% of the world’s overall electricity production by 2022 [1]. The
growth of direct current (DC) power generation is driving the increase in renewable energy
production, along with the rise of DC loads such as electric vehicle charging stations and
data centers [2–4]. This attention is leading to a focus on DC power transmission and
distribution [2–7]. A critical challenge in this area is the design of converters to reduce the
voltage level from medium-voltage DC (MVDC) to low-voltage DC (LVDC) without using
the bulky and expensive AC transformers that are currently in use. A DC transformer,
commonly known as a DC-DC converter, uses switching components and energy storage
implements for voltage transformation [8,9]. However, conventional single-stage step-
down converters require high-rated voltages for each component, which leads to higher
costs, larger sizes, and higher losses. As a consequence, the MVDC to LVDC distribution
voltage levels are limited [10–12].

To overcome the disadvantages of replacing AC transformers, alternative isolated DC
converters using medium- or high-frequency transformers have been proposed instead
of the traditional bulky low-frequency transformers [13–16]. Despite this solution, these
converters still exhibit certain drawbacks, such as losses during the DC-AC-DC conversion
and the continued presence of AC transformers [17].

This paper proposes a non-isolated step-down (NISD) DC transformer based on dis-
continuous conduction mode (DCM). Currently, only DCM operation is considered, and the
proposed structure divides high voltage using an energy storage module (ESM) comprised
of series. The proposed NISD DC transformer determines operational mode based on the
ESMs and performs voltage transformation, providing the following advantages:
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(1) It is possible to achieve a high voltage ratio with a small number of components and a
simple control method.

(2) It operates in DCM, reducing switching losses and improving efficiency.
(3) There is no requirement for an isolation transformer or galvanic isolation, which

results in reduced cost and size.

The proposed NISD DC transformer uses capacitors to store electric energy in ESMs [18–27],
unlike the conventional DC converter that uses inductors to store magnetic energy and per-
form voltage conversion [3,6,15,16,18,19,28–32]. Also, conventional flying capacitor multilevel
converters have complex control schemes [24–26] in contrast to this structure, enabling flexible
control of the output voltage by adjusting the charge and discharge duty of ESMs. The high
voltage of MVDC is dispersed among ESMs, allowing for a reduction of each circuit element’s
rated voltage to the level of commonly used components. Currently, soft switching is considered
for the only main switches excluding ESMs.

The remaining parts of this paper are structured as follows: Section 2 presents the
topology and configuration of the proposed NISD DC transformer, as well as its operational
modes and control strategy. Section 3 analyzes the IGBT voltage stress and current as well
as the considerations for the inductor, ESM, and output capacitor during the design of the
proposed NISD DC transformer. Section 4 provides the results of simulations conducted
using a power system computer-aided design and electromagnetic transient including DC
(PSCAD/EMTDC) to validate the effectiveness of the proposed NISD DC transformer in
two cases: the steady state and with disturbances. Finally, Section 5 summarizes the key
contributions of this paper and proposes several future research directions.

2. NISD DC Transformer Based on DCM
2.1. NISD DC Transformer Topology

The topology of the non-isolated step-down DC transformer is presented in Figure 1. The
proposed topology operates based on capacitors in contrast to the conventional one that uses
an inductor. It includes n energy storage modules for voltage transformation and operates
according to a six-duty ratio segment mode. Each energy storage module is composed of a
capacitor, marked as (C), and two insulated gate bipolar transistors (IGBTs), labeled as (Sa,
Sb), which are charged and discharged by separate groups of IGBTs, marked as (S11, · · · , S1α

and S21, · · · , S2α). Moreover, the addition of the inductor (L) and the output capacitor (Cout)
restrict excessive current and reduce the ripple in output voltage, respectively.
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Figure 1. (a) NISD DC transformer topology including (b) ESM.

2.2. Operational Modes

The operational modes of the NISD DC transformer are composed of duty cycles
divided into six segments (M1 −M6) based on the charging and discharging of the inductor
and ESM. The operational sequence depicted in Figure 2 is demonstrated to operate in a
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steady state. The waveforms of voltage and current are periodic, with identical values at
the beginning (t0) and end (t6) of each cycle. Figure 3 illustrates the NISD DC transformer’s
operational mode for each segment. And its current path is shown as red highlighted.
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Before analyzing each operational mode, it is assumed that the IGBTs, diodes, and
ESMs’ capacitor balancing are ideal during operation. Moreover, the inductor has low
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inductance to make the inductor current periodically zero, and each capacitor is assumed
to have a large enough capacitance to maintain a constant voltage at the output voltage
Vout and the voltage Vcn (n ∈ N) of each ESM.

The voltage reference of the ESM capacitor is defined by the relationship between the
input voltage and the number of ESMs, as shown in (1).

Vc =
Vin
n

(1)

The average of each ESM capacitor voltage is expressed as (2), and the operational
mode is determined by the relationship between (1) and (2).

Vc =
1
n

n

∑
i=1

Vci (2)

2.2.1. First Operational Mode M1 : (t0 − t1)

During the steady state, the state at t0 is identical to the state at t6 in the prior op-
erational sequence., i.e., both groups of IGBTs are off and the inductor current is zero.
Afterward, IGBT group 1 (S11, · · · , S1α) is turned on, which causes the capacitor of the
ESM to charge and the voltage to increase through the path, as shown in Figure 3a. During
this process, the inductor prevents an overcurrent by filling the difference between the
input voltage and the controlled ESM voltage and VM, as shown in (3).

VL = Vin − VM − Vout (3)

2.2.2. Second Operational Mode M2 : (t1 − t2)

During the first operational mode, when the voltage charged to each ESM is sufficiently
high to satisfy Vc > Vc, the IGBT group 1 (S11, · · · , S1α) is turned off at t1. At this moment,
as illustrated in Figure 3b, current that has been charged to the inductor by circulating
through the antiparallel diodes of IGBT group 2 (S21, · · · , S2α), the ESM, and diode group
1 (D11, · · · , D1β) delivers energy to ESMs and then discharges to zero. At this time, the
voltage of each ESM capacitor is increased by the ESM capacitor’s voltage ripple ∆Vc to the
reference voltage in (1) to Vc + ∆Vc. The inductor voltage during discharge in this mode is
determined by (4).

VL = −VM (4)

2.2.3. Third Operational Mode M3 : (t2 − t3)

As the load on the DC transformer approaches its maximum rated load, which is
M3 = 0 at full load, the duration of the third mode is reduced. However, its changes do not
affect the stability of the output voltage considering the fixed switching frequency.

2.2.4. Fourth Operational Mode M4 : (t3 − t4)

In the third operational mode, after the inductor current is completely discharged
and IGBT group 2 (S21, · · · , S2α) turns on at t3, the ESM capacitor discharges via the
path shown in Figure 3c and the voltage decreases. As in the first mode, the inductor
prevents overcurrent by covering the gap between the controlled ESM voltage and the
output voltage, as given by (5).

VL = Vout − VM (5)

2.2.5. Fifth Operational Mode M5 : (t4 − t5)

After the ESM is discharged in the fourth mode and the voltage is sufficient to satisfy
Vc < Vc, IGBT group 2 (S21, · · · , S2α) is turned off at t4. At this point, the inductor
current that has been accumulated is diverted back to the input side and discharged to zero
through the anti-parallel diodes of IGBT group 2 (S21, · · · , S2α), the ESM, and diode group
2 (D21, · · · , D2β), as seen in Figure 3d. At this time, the ESM capacitors are continuously
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being discharged to reduce the voltage to Vc − ∆Vc according to the previous mode, and
the voltage of the discharged inductor is equal to (6).

VL = Vin − VM (6)

2.2.6. Sixth Operational Mode M6 : (t5 − t6)

Similar to the third operational mode, when the DC transformer operates at full
rated load, then M6 = 0. The duration of the sixth operational mode is also longer when
operating at lower load.

2.3. Control Strategy

The control logic of the NISD DC transformer is presented in Figure 4. Thereafter, it
proceeds in sequence through the six operational modes detailed in Section 2.2. At the
outset, the voltage of the ESM begins at zero; therefore, IGBT group 1 (S11, · · · , S1α) is
turned on and operates as M1. Subsequently, IGBT group 1 (S11, · · · , S1α) and IGBT group
2 (S21, · · · , S2α) are controlled by the voltage of ESMs, and the charging and discharging
of ESMs are determined according to the six operational modes described in Section 2.2.
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The total inserted voltage of the ESMs, VM, in Figure 3, is determined by the number of
ESMs inserted in each operational mode, N, and the capacitor voltage of the inserted ESM,
according to (7). Additionally, capacitor balancing causes the ESM charging duty, Vci at Tc, to
be sorted in ascending order while the ESM discharging duty, Vci at Td, is sorted in descending
order to ensure that the capacitor voltage of all ESMs is constantly charged and discharged.

VM =
N

∑
i=1

Vci (7)

At this time, the number of ESMs to be inserted N depends on Nctrl , which is controlled
by the output voltage, and a number of total modules n, which is determined by the
specification of the NISD DC transformer. Therefore, the number of inserted ESMs N
according to the charging and discharging cycle of the ESM is determined as (8). Also, as
the ratio of input voltage to output voltage increases, the change of N, i.e., VM, increases.

N =

{
n − Nctrl

Nctrl

f or Tc
f or Td

(8)

Depending on the operational mode, the ESM is inserted to charge and discharge,
and the output voltage is determined by M1 and M4. In order to effectively regulate the
output voltage, the ESM must be inserted variably, and the control variable Nctrl of the
insertion number is controlled flexibly according to the output voltage. Nctrl is calculated
via the control diagram shown in Figure 5, and an additional insertion amount is calculated
through the PI controller for error correction of the output voltage. The insertion amount is
limited to a minimum of 1 and a maximum of n − 1 for the operation described in Figure 3.
Since the number of modules is an integer, the amount of insertion is selected by converting
to UInt (Unsigned Integer) type.
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2.3.1. ESM Charging Duty (Tc)

Using (3) and (4), the voltage output during the ESM charging period at Tc is calculated
from (9). At this time, the total inserted voltage of the ESMs, VM between M1 and M3 is
determined by (7) and (8).

Vout = Vin −
t2 − t0

t1 − t0
VM (9)

Meanwhile, the relationship between the output voltage Vout and the number Nctrl
of ESMs inserted while the ESMs are charging is shown in Figure 5. If the output voltage
is higher than the reference voltage, additional modules are inserted to charge the ESMs
and, simultaneously, the high electrical voltage difference between the input and output is
reduced, i.e., if the output voltage is higher than the reference voltage, Nctrl is reduced to
increase the inserted number of ESMs, N. Alternatively, if the output voltage is lower than
the reference voltage, N is reduced to control the output voltage.

2.3.2. ESM Discharging Duty (Td)

The voltage output during the Td discharge period of the ESM is obtained by utilizing
(5) and (6), as demonstrated in (10). Similarly to Tc, (7) and (8) are applied to determine VM
in the M4 to M6 range.

Vout =
t5 − t3

t4 − t3
VM − t5 − t4

t4 − t3
Vin (10)

The correlation between the output voltage Vout during the discharge of the ESMs and
the control variable Nctrl of the number of ESMs inserted is shown in Figure 5. The number
of inserted ESMs, N, decreases when the output voltage is higher than the reference voltage,
and, contrary to Tc, the number of inserted ESMs, N, decreases. As a result, the voltage
source of the ESMs is reduced and the output voltage decreases. Conversely, as the output
voltage is lower than the reference voltage, Nctrl increases, which increases the number of
ESMs inserted, and the output voltage is increased by the discharging ESMs.

3. Design Consideration of NISD DC Transformer

In this section, design considerations are provided for the implementation of the NISD
DC transformer based on DCM. The energy conversion process is performed by multiple
ESMs, including capacitors in the NISD DC transformer, and the overcurrent that can
be produced by voltage unbalance during the conversion process is limited by inductors.
Moreover, the capacitor on the output side reduces the ripple in output voltage.

Before analysis, Figure 2 demonstrates that when the NISD DC transformer operates
by segments for t2 − t0 > Tc, iL interrupts the ESM’s capacitor discharge and load current
in the Td duty, which is not discharged in the Tc duty (i.e., iL > 0). Similarly, when
t5 − t3 > Td, iL interrupts the ESM’s capacitor charge and load current in the Tc duty, which
is not discharged in the Td duty (i.e., iL < 0). In both cases, the regular operation of the
NISD DC transformer is interrupted, i.e., the theoretical maximum power transfer condition
is t2 = t3 & t5 = t6, and when a load with more than the maximum power is connected,
the output is reduced to protect itself from overcurrent. To ensure efficient operation, it is
necessary for the maximum value Imax and minimum value Imin of the inductor current iL
to satisfy the condition Imax = −Imin, regarding the power loss I2R in the conductor.

The values are determined by the switching frequency fS of Group 1 (S11, · · · , S1α)
and Group 2 (S21, · · · , S2α) IGBTs in Figure 1a and the switching frequency fM of the two
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IGBTs (Sa, Sb) of the ESM in Figure 1b, which are influenced by the inductor current iL at
rated load conditions. Thus, in this section, the relationship among fS, fM, the inductor
and capacitors and the quantity of input and output voltages, IGBTs and diodes, and ESMs
in a NISD DC transformer will be discussed.

3.1. Voltage Stress on IGBTs and Diodes

IGBTs and diodes are arranged in groups of α and β (α, β ∈ N), respectively, to endure
high voltages. IGBTs and diodes are controlled to operate, as shown in Figure 3, for voltage
transformation.

IGBT Group 1 (S11, · · · , S1α) and Group 2 (S21, · · · , S2α), comprising α IGBTs, alter-
nate in turning on/off to prevent short-circuiting of the NISD DC transformer. The voltage
applied to the component when each IGBT group is operating is expressed as (11) and (12).

VS1 = Vin + VD2 − VL − VM (11)

VS2 = Vin − VS1 − VL (12)

Diode groups 1 (D11, · · · , D1β) and 2 (D21, · · · , D2β) are composed of β diodes and
perform opposite operations depending on the charging and discharging duty of the ESM.
The voltage for each diode group is shown as (13), and, according to the equation, the reverse
voltage during the reverse bias of the diode is mainly affected by Vout, and the voltage during
the forward bias is operated to zero by the reverse voltage of the other diode group.

VD1 + VD2 = −Vout (13)

In the design of the NISD DC transformer, the number of IGBTs and diodes is deter-
mined by Vin,re f and Vout,re f , which are the reference of input and output voltages. From
Figure 3, each group of components is organized and operated in series, so the number of
IGBTs and diodes (α,β) for the rated voltage is determined as shown in (14) and (15).

When the rated collector-to-emitter voltage of an IGBT device is VS, then

α ≥
Vin, re f

VS
(14)

When the rated breakdown voltage of a diode device is VD, then

β ≥
Vout, re f

|VD|
(15)

3.2. Current Calculations of IGBTs and Diodes

During operation, the IGBTs and diodes in each group are organized in series, as
shown in Figure 3; thus, the current in each component within the same group is the same
and is expressed as (16) and (17).

IS1 = ID1 =

{
IL
0

f or Tc
f or Td

(16)

IS2 = ID2 =

{
0
−IL

f or Tc
f or Td

(17)

3.3. Design on Inductor

The NISD DC transformer’s inductor is installed to reduce the overcurrent that may
occur when switching IGBTs’ operation in accordance with the operating modes in relation to
each duty ratio, and the inductance for the NISD DC transformer to operate can be calculated
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by the total voltage of the inserted ESM (7), which is calculated from the inductor voltage in
(6) and the number of ESM inputs in this mode (8), and is calculated as shown in (18).

L =
(n − Nctrl)NctrlVin(nVout − NctrlVin)

n3 Imin fS(Vout − Vin)
(18)

3.4. Design on Capacitor

The capacitors in the NISD DC transformer can be categorized into two types: the
internal capacitors of the ESM responsible for transforming energy and the capacitors
aimed at reducing the output voltage’s ripple.

The ESM’s internal IGBTs (Sa, Sb), which are composed of n in series, regulate the
ripples in ESM’s voltage ∆VM by operating at a switching frequency fM. The capacitance
CM of the ESM’s internal capacitor can be calculated using (19).

CM =
Imax(n − Nctrl)

2n∆VM fM
(19)

IGBT groups 1 (S11, · · · , S1α) and 2 (S21, · · · , S2α) operate at a switching frequency
fS, and their respective operational modes are determined. From this, the output capacitor
current Ic and output voltage’s ripple ∆Vout are determined, and the capacitance of the
output capacitor Cout configured in parallel with the output terminal is expressed with (20).

Cout =
IcNctrl

2n∆Vout fS
(20)

4. Case Studies

In this section, to verify the proposed NISD DC transformer, a DC transformer with
an input voltage of 35 kV, an output voltage of 1.5 kV, and a rated power of 1 MW is
configured with 35 ESMs. Moreover, the switching frequency is set to 5 kHz, and the ESM
switching frequency is set to 50 kHz. In addition, the overcurrent limit inductor is 40 µH,
the capacitance of each ESM is 20 mF, the output capacitor is 1.45 mF, and the simulation
parameters are configured as shown in Table 1. The simulation is performed as shown in
Figure 1 using PSCAD/EMTDC. Additionally, the performance of the control method for
the capacitor’s voltage is confirmed through seven cases.

Table 1. Parameters of the NISD DC transformer.

Symbol Quantity Value

Vin Input voltage 35 kV
Vout Output voltage 1.5 kV

P Rated power 1 MW
n Number of ESMs 35
fS Switching frequency 5 kHz
fM ESM switching frequency 50 kHz
L Inductance 40 µH

Cout ESM capacitance 20 mF
CM Output capacitance 1.45 mF

Figure 6a demonstrates that the output voltage is verified at 1.5 kV—with the output
power being 1 MW and the output current at 0.667 kA—to achieve the rated power of
1 MW. Furthermore, ESM’s insertion control variable N is regulated based on operational
modes, with a range of 1 to 34, and the total injected voltage VM of the ESM according to N
is properly operated according to (7). The relationship between the current in the IGBTs
and diodes and the inductor’s current is also validated to perform the same as shown in
Figure 2—(16) and (17). The voltage applied to the IGBTs and diodes is also validated using
a simulation, and the voltages in (11)–(13) are verified.
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4.1. Operations in Steady State

The NISD DC transformer is verified using constant resistive loads of 100%, 50%, and
10% (Figure 6a–c). The output voltage’s ripples decrease by 3.904%, 1.44%, and 0.651%,
respectively, as the load rate is reduced. Correspondingly, the output power’s ripples
decrease by 7.841%, 4.326%, and 1.304%, while the output voltage remains at 1.5 kV. The
operational modes demonstrated consistency with the theoretical expectations, as the
operating times of operational modes M3 and M6 increased with a decrease in load.
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4.2. Operations with Disturbances

The simulation results, depicted in Figure 7a, illustrate normal output voltage control
under the weak input voltage condition while operating under a 100% resistive load. in
addition, the analysis of the figure indicates that the inductor current IL is also influenced
by the input at M2, when compared to Figure 6a, at a weak input voltage.
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Figure 7. NISD DC transformer operation with (a) ripples in input voltage, (b) low-voltage side fault
at 4 ms, (c) transition at 4 ms from 100% resistive to inductive load, and (d) transition at 4 ms from
100% resistive to inductive load during ripples in input voltage.
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Next, in order to verify the operation and blocking ability in case of the LVDC side
fault, a LVDC side fault was generated at 4 ms during an operation under 100% load,
and the circuit breaker was opened 2 ms later to clear the fault (Figure 7b). Although, in
this case, the fault current and power from the capacitor, Cout, increase to 54.80 kA and
82.58 MW, respectively. Such increases are a common problem for all inverters without
a special protection scheme for an output capacitor. This might be solved by adding
additional circuits, such as a damping resistor. Meanwhile, the rapid fault current reduction
of the proposed converter based on the reduced capacitor size equates to a shorter discharge
time with the same current compared to the other converters. At this time, all IGBTs were
not damaged by immediately being opened. They cause the current and power to drop to
zero and trigger sequential operations of the circuit breaker. Therefore, the proposed NISD
DC transformer should be shortened. Inside the NISD DC transformer, the operation is
similar to the second operational mode M2, since all IGBTs are opened, and the voltage,
VD2, of diode group 2 is applied through the anti-parallel diode of IGBT group 2 and the
diode of the ESM.

To evaluate the performance of the transformer during the rapid load changes of the power
system, an inductance of 0.1 H was transitioned at 4 ms while operating at 100% resistive load
rate (Figure 7c). This representatively reflects the aggregated effect caused by independent
changes of various loads located through different feeders, and the system is stable.

Finally, the inductance was transitioned at 4 ms with high-impedance input voltage,
i.e., the conditions in Figure 7a,c were considered simultaneously. Therefore, a weak
input voltage causes the output current to ripple up to 8.077% due to the discharge of the
capacitor, and the output power to ripple up to 15.728%. Although the inductor current is
affected, it operates between 0.798 kA and −2.819 kA. Thus, it does not cause a problem
for IGBT group 1 (S11, · · · , S1α) and 2 (S21, · · · , S2α) and diode group 1 (D11, · · · , D1β)
and 2 (D21, · · · , D2β). Also, the increase in the ripple of output voltage is negligible. As
shown in Figure 7d, the NISD DC transformer operates reliably, even in harsh conditions.

5. Conclusions

This article proposed a non-isolated step-down (NISD) DC transformer based on DCM
for the MVDC-LVDC distribution system. To verify the performance of the proposed NISD
DC transformer, normal operation was confirmed with loads of 100%, 50%, and 10%. Addi-
tionally, abnormal situations such as inductive load, LVDC side fault, and instability input
voltage were assumed and simulated using a power system computer-aided design and
electromagnetic transient simulation engine including DC (PSCAD/EMTDC). The proposed
NISD DC transformer successfully operated for the purpose of energy transformation.

This study verified the performance of energy transformation from MVDC to LVDC,
i.e., the MVDC-LVDC distribution system. However, further studies are required to apply
the proposed NISD DC transformer to an HVDC-MVDC system or step-up version of the
proposed transformer, even a bidirectional one.
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