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Abstract— The solid state transformer (SST) is a new
technology that will result in the replacement of traditional line
frequency transformers in applications demanding high-power
density and greater level of control. This paper describes a new
form of boost converter to support the development of SST to
enable the grid connection of renewable energy sources, such as
wave energy and photovoltaics. SST contains the initial low
voltage AC-DC converter, a high gain transformer based DC-
DC converter, and the output high voltage DC-AC converter. A
transformerless DC-DC Multilevel Boost Converter (MBC) is
proposed, which combines the traditional boost converter with
switched capacitor topology to realise a high voltage gain with
only one driven switch and passive components. The main
advantages of the proposed converter are the ability to realise
high voltage gain without the need for an extreme (>80%) duty
cycle, resulting in low voltage stress on the switching device and
the creation of three self-balanced voltage levels at the output.
The simulation results of the proposed topology are compared
to the experimental results to validate the analyses. Thus,
alkW prototype MBC converter operating at 75 kHz is
reported that resulted in a voltage gain of 10, with an
experimental efficiency of 92.4% at a duty cycle of 71%, which
compares favourably with the simulated efficiency of 94.5%
under the same operating conditions.

Keywords—Solid state transformer (SST), multilevel Boost

Converter (MBC), high voltage gain, continuous conduction mode
(ccm).

1. INTRODUCTION

In the last two decades, the demand for higher renewable
energy penetration has been growing rapidly to minimize the
greenhouse gas emissions. Thus, the most significant
consideration in electrical supply is to provide a clean, cheap,
and sustainable supply of power to consumers through the
distribution grid. To attain this goal, new technologies are
required to enable efficient control, whilst offering increased
reliability, and high levels of resilience at the grid level. One
of the state-of-the-art technologies is the solid state
transformer (SST), which has the potential to contribute to
the integration of renewable energy to the distribution grid by
enabling the grid connection of renewable energy sources.
SST technology is a rapidly evolving topic, which is taking
advantage of wide bandgap semiconductor devices and is not
yet mature.
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Significant research is being undertaken to assess the
possibility of replacing the physically large line frequency
magnetic transformer used in the distribution grid with SST
circuits. SST topologies generally consist of multistage
power electronics converters isolated with a high frequency
transformer (HFT) which can control the input and output
power, taking into account the voltage level using a number
of switched electronic devices [1]. The main function of the
SST is to facilitate the increase or decrease of the voltage, in
a similar manner to the main function of a line frequency
transformer.

A typical SST consists of an AC-DC rectifier, a DC-DC
converter with HFT and a DC-AC inverter as shown
schematically in figure 1 [2]. The fundamental operation of
the SST is at first to rectify the 50 Hz AC voltage to DC. This
DC voltage is stepped up using a DC-AC inverter, coupled to
a HFT (with significantly decreased volume and weight in
comparison to a 50 Hz transformer) before being rectified to
give a DC voltage. Finally, the DC voltage it is converted into
the desired 50 Hz AC voltage which connects to the
distribution grid [3, 4]. The main advantage of SST over
traditional LFT is the reduction in volume, which is dominated
by the size of the transformer core and windings, which
reduces as the cube of the operating frequency [5]. SST
circuits have the ability to perform additional functionality
with the help of semiconductor devices, including: protection
circuits to prevent power supply and load disturbances, allow
bidirectional flow, realise voltage sag compensation, as well
as controlling the output voltage. The input circuits offer the
possibility of having a DC input or output, increased voltage
regulation, and fault isolation [6-8], as well as the ability to
integrate power storage at the low and high voltage DC links.
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Figure 1. Schematic representation of a three stage SST.



The second stage of SST, which is identical in function to
that of a high gain DC-DC converter, is the origin of the
voltage boost. Thus, this paper focusses on the design of a
high gain DC-DC converter, suitable for the integration of
renewable energy sources to the distribution grid in the UK
[9-19]. A voltage gain in excess of 5 is difficult to attain with
traditional  transformerless DC-DC boost converter
topologies, due to the requirement for a duty cycle in excess
of 80%, which results in significant losses in parasitic
components [11, 12]. The use of a high switching frequency
leads to a small size of the converter and suggests the use of
wide bandgap semiconductor devices for the switch and
diodes.

A transformerless DC-DC converter is a potential
solution to the challenge of achieving a high voltage gain in
a DC-DC converter. A number of topologies have been
proposed in the literature for the realization of a
transformerless DC-DC converter with high boost ratio and
high efficiency [13]. These topologies, are generally
complicated in comparison to the conventional DC-DC
converter topology [9, 10], requiring a significant increase in
the number of active devices and complex control strategies.
The transformerless DC-DC multilevel boost converter
(MBC) described here is a converter topology that combines
the circuit of the traditional boost converter with a switched
capacitor technique to generate a high voltage gain coupled
with self-balancing outputs, that maintain the same output
voltage for all output levels. This topology also, reduces the
complexity of the control strategy by only requiring a single
switching device, which is connected to ground, simplifying
the gate drive requirements [9, 10]. The circuit controls the
voltage by implementing pulse width modulation (PWM)
using a single switch, one inductor, (2N-1) diodes and (2N-
1) capacitors for obtaining an output which is N times that for
a conventional boost converter operating under the same
conditions.

The number of levels in the circuit and hence the output
voltage can be increased by the addition of capacitors and
diodes to the fundamental boost converter topology. This
enables the circuit to be used as a power converter in
applications where multiple controlled voltage levels with
self-balancing are required when operating in a unidirectional
current flow application [9]. Therefore, this transformerless
DC-DC MBC circuits has the potential to be implemented in
the middle stage of a three stage SST.

The paper is organized as follows; section II presents the
converter topology and describes the modes of operation,
section III analyzes the voltage gain of the proposed
converter, section IV describes the influence of the
component characteristics on the converter performance,
section V outlines the performance of the converter using
simulation and the validation of the model with experimental
data to confirm the operating conditions, with the conclusion
presented in section VI.

II. PROPOSED CONVERTER AND MODES OF
OPERATION

A. Power Circuit
Figure 2 shows a schematic of the N+1 level DC-DC

MBC converter [9], which comprises, one switch, (2N-1)
diodes and (2N-1) capacitors. In general, the converter
topology is defined as having N+1 levels, which includes the
zero level. The boost converter is PWM controlled at the gate
contact of the power MOSFET, and has the potential to
provide an equal voltage at all N output levels, denoted as V,
in the figure 2. The converter is based on a conventional DC-
DC boost converter topology with the output voltage of the
MBC is N times V., where V, is the output voltage of the
conventional converter. The other significant advantage of
this topology for the realization of high voltages is the voltage
stress on the components is lower than other proposed high
voltage converter topologies, offering increased increasing
the reliability, since each device blocks only one voltage
level.
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Figure 2. DC-DC MBC circuit for N+1 level

B. Operation Principle

The operating principle of the MBC can be described in
terms of two operating modes; one when the switch is turned
ON and the other when the switch is turned OFF. The
converter has been designed to operate in continuous
conduction mode (CCM) and the operating characteristics
that occur during the two modes are described as follows:

In Mode 1, when the switch is turned ON, the inductor is
connected to the input voltage, as indicated in Figure 3.a. If
the voltage across C, is smaller than that across C; ,
C; charges C, through the diode D, and the switch, as
indicated in Figure 3.b. At the same time, if the voltage across
C, + C, is smaller than the voltage across C; + C3, C; and C3
charge C, and C, through the diode D, and the switch, as
indicated in Figure 3.c [9].

In Mode 2, when the switch is turned OFF, the diode D,
conducts allowing the energy stored in the magnetic field in
the inductor charges capacitor C; until the voltage on this
capacitor is equal to the voltage which is the sum of the input
voltage and the inductor voltage, as shown in Figure 4.a.
Then, diode D; conducts so the input voltage, the inductor
and capacitor C, charge the capacitor C; and C; as indicated
in Figure 4.b. When the voltage on C; + C; is equal to the
total voltage on the input voltage, the inductor voltage and the
voltage on the capacitor C,, diode D5 turns off and diode Dy
conducts, so that the input voltage, inductor and capacitors
C, and C, charge capacitors Cs, C5, C; until the voltage is
equal to the summation of the voltage on the input voltage,
inductor and capacitors C, + C, as indicated in Figure 4.c [9].
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Figure 3. Operation of the MBC when the switch is ON

III. VOLTAGE GAIN OF THE PROPOSED
CONVERTER

In the MBC circuit, the input power is transferred to the
output by charging and discharging the switched-capacitor
voltage doubler. The average voltage of the inductor for an
idealised conventional boost converter, which is zero over a
complete switching cycle, can be expressed [10]:

V=D (V) + (1 =D)(Vin = V,) = 0 (M

Where V; is the inductor voltage, V;,, is the input voltage, V,
is the output voltage, and D is the duty cycle.

Conventional analysis describes the steady state output
voltage as:

Yo 1 )
Vin 1-D

For the multilevel boost converter (MBC), when the switch
is ON (operating in mode 1) the voltage drop across the

inductor equals the input voltage. In Mode2, when the switch
is OFF, the inductor voltage can be expressed as:

V=V — ¥ 3)

The inductor voltage can be determined by setting V;, =V,
and equation (3),

V=D V) + (1 =D)(Vin = V) =0 “
Vin = V(1 =D) (6))

Since the voltage across all the output capacitors is identical
V., the output voltage of the converter is V, = NV,. Hence the
voltage gain of the proposed converter can be determined,

Yo N (6)

Vo, 1-D

In a real converter, the equivalent series resistance of the
inductor (Rgsg ) needs to be incorporated and so equation
(4) can be modified to give:

Figure 4. Operation of the MBC when the switch is OFF

V.=D (Vin - ILRESR,L) + (1- D)(Vin - (7
Vo — ILRESR,L) =0

Then the gain conversion ratio can be expressed as:

Vo _ 1 (®)
v (1=D) , N Rgsp,
N TT-D)R,

+

It is clear from the analysis presented here that the inclusion
of the inductor ESR reduces the voltage gain of the converter.
In a practical converter this requires an increase in the duty
cycle to achieve the desired output voltage.

IV. COMPONENT ANALYASIS

The discussions given here is based on the example of a 3-
level boost converter, as shown in Figure 2.

A. Inductor

The inductor current /; can be determined from the output
current and the input and output voltages, under the
assumption that [;,, = I :

Vin 1 V. Yo
in 'L o Ro

o Y 9)
IL = 0

Vin Ry

Substituting the voltage gain from (6) into (9), the inductor
current can be expressed as:

Lo N (10)
" (-D)R,

Where I;;, is the input current and R,, is the load resistance.
From equation (10), it is observed that the input current can
be regulated by varying the value of the duty cycle D applied
to the gate of the switch. The critical value of the inductance



that allows the converter to operate in continuous conduction
mode (CCM) is determined using the duty cycle and output
power, where f is the switching frequency, as expressed
below:

D(1 — D)*R, (1
CRIT = T

B. Capacitors

One of the significant features of the MBC is to
maintain the same output voltage across each of the output
capacitors, €1, C; and C5. Under the assumption that all
capacitors have the same capacitances, the following

relationships are established and the output voltage across the
load will be:

VCI = ch = VCS = VC - Vo = 3VC (12)

The design consideration for capacitors is that the voltage
ripple should not exceed 5% and so, the capacitance can be
determined from AV, the voltage ripple of capacitor.

D (13)

C=—
R, (2)

C. Switch

According to the data shown in Figure 4(a), the voltage
across the switch, Vs, in the proposed converter can be
expressed as:

Ve = Ve (14)

By substituting equation (12) into (14) the voltage stress
experienced by the switch in the three level converter is found
to be lower than that for a converter with an equivalent output
voltage and may be expressed as

V,
V5=_0 (15)

V. SIMULATION AND EXPERIMENTAL RESULTS

The initial design has been simulated using LTSpice to
validate the values for the passive components calculated
using the analysis specified in section IV and to examine the
switching transients in the circuit. Following the intention for
the circuit to be used as part of a Solid State Transformer
(SST) to enable renewable energy integration with the
distribution grid, the specifications of the MBC are shown in
table I. Simulated characteristics of a three-level boost
converter have been used to boost a DC input voltage of 100
V to an output of 1000 V. To ensure an adequate portion of
the operating period with the switch turned off, in order to
avoid excessive voltage stress whilst achieving a gain factor
of 10, the duty cycle was not allowed to exceed 75%.
Following the analysis in the previous section, a three level

Table 1. Design specification of MBC

Parameter Symbol Value
Input Voltage Vin 100 V
Output Voltage v, 1000 V
Output Power P, 1 kW
Switching Frequency f 75 kHZ

Duty Cycle D 0.71
Inductor L 500 uH

Capacitors C,—C, 5 uF

converter was investigated and a duty cycle of 71% found to
give an output voltage of 1 kV with an output power of 1 kW.

A hardware prototype of the proposed converter was built
to test and validate the simulation based models. A
commercial Silicon Carbide MOSFET (Infineon part number
IMWI120R030M1HXKSA1) was chosen as the power

switch, which has an on-state resistance (Rds(ON)) 0f 0.03 Q

and a blocking voltage of 1200 V. All the diodes in the circuit
are Silicon Carbide Schottky Diodes (ST Microelectronics
part number STPSC15H12WL) with a forward voltage drop
of 1.35V.

The voltage gain of the proposed converter is plotted as a
function of the duty cycle as depicted in Figure 5. The data in
the figure shows a comparison among the ideal case,
theoretical results, and simulation results. It can be noticed
that for duty cycle less than 0.7, the voltage gain conversion
ratios of the three cases have no much difference. However,
for a duty cycle greater than 0.7, a big difference can be seen
between the ideal case and the theoretical and simulation
results due to the effect of the inductor ESR.

The efficiency of the proposed converter was evaluated as
a function of the switching frequency between 25 and 200
kHz, in order to determine the maximum operating point and
optimum efficiency for this converter topology. The
efficiency is directly calculated by measuring the input and
output powers. The data show a maximum simulated
efficiency of 94.5%, when the converter was operated at 75
kHz with a duty cycle of 71%, as shown by the blue data set
in Figure 6.

In comparison to the simulation data, the performance of
the experimental converter shows two distinct deviations as
depicted by the red data set in Figure 6. Firstly, the efficiency

of the converter is decreased by an average of 3.0%, from
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Figure 5. Ideal, theoretical and simulation of voltage gain against
duty cycle for the MBC.
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Figure 6. Simulation and practical efficiency of the proposed converter.

93.7% to 90.7%. Secondly, instead of the peak efficiency
being observed at 75 kHz, a smaller variation with frequency
is observed, with the variation ranging between 91.7% and
92.4% over the frequency range between 50 and 150 kHz.
This indicates that the switching frequencies in this range can
be operated as though they are the maximum operating
points.

The data in figures 7, 8 and 9 show the simulation and
experimental waveforms for the converter operating at
75 kHz. In general, the experimental waveforms show a high
level of agreement with the waveforms from the SPICE
simulations. The input voltage and output voltage waveforms
are shown in Figure 7. The simulation and experimental
results confirm the ability of the equations presented in this
paper to determine the voltage gain of the three level DC-DC
boost converter. It can be observed from the data that the
experimental waveforms show switching transients that are
not evident in the simulation results. The input voltage
transients, which occur at the turn on and turn off transients
of the switch, originate in the parasitic capacitances and
inductances in the circuit. The output voltage transients are
related to the input transients being propagated through the
circuit.

The data in Figure 8 shows the variation in input current,
which is the inductor current, and output current. The data in
the figure confirms that the converter is operating in CCM, as
predicted by the analysis presented in this paper. The voltage
across the inductor and switch during operation are shown in
Figure 9. The experimental inductor and switch voltages are
close to those calculated and extracted from the simulation
waveforms. The experimental inductor voltages are measured
to Vs, = 100V and V5, .. = —250 V when the switch is
turned ON and OFF respectively, which are closed to
calculated and simulated values of V5, = 100V, Vg, .. =
—233V and Visoy =100V, Vi), = =245V
respectively.

The data confirm that a high voltage gain can be
accomplished using this converter topology which confirms
the suitability of this topology in this application. Moreover,
the main advantage of proposed converter is to reduce the
voltage stress on the switch. Equation 15 gives a predicted
maximum drain -source, voltage across the switch of 333 V
when the output voltage is 1000V. Hence, the experimental
and simulation switching voltage of Vo = 350V and Vs =
345V respectively is closed to the estimated value. The
experimental waveforms validate the proposed converter
theoretical and simulation.
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The power ratings of the selected components in the
hardware prototype were used to conduct a theoretical loss
analysis. The percentage distribution of losses in the
proposed converter is depicted in Figure 10. It is concluded
that the major percent of losses occurs in the switch which is
about 63.53%. Then, the diodes account for about 22.7% of
the losses. After that, around 10.41% of the losses comes
from the inductor. Finally, the losses in the capacitors are
3.38% which are very small as the ESR of the film capacitors
used is in the order of few milliohms and the rms currents are
around 10A. Hence, at 1kW, the estimated efficiency is
around 94.5%. A 1kW prototype was built and tested to
validate the analytical and simulation results. An efficiency
of 92.4% was observed at 150KHz. The core losses in the
inductor that is not included in the estimated efficiency, as
well as the approximate approach to calculate the component
losses, can be accounted for the difference between the
calculated and experimental efficiency. In addition, the
parasitic capacitances and inductances in the circuit that
cause the switching transients of input and output voltage, as
shown in Figure 7(b), can influence the experimental
efficiency.

10.41%
3.38%
22.70%
63.53%
s Sic MOSFET Diode Capacitor Inductor

Figure 10. Percentage distribution of losses in the proposed converter

VI. CONCLUSION

In this paper, a high-voltage-gain DC-DC multilevel
boost converter (MBC) is described that can offer a voltage
gain of 10 without the need for complex multi-switch control
algorithms or high voltage stress on the switch. The proposed
converter topology combines the conventional boost
converter topology with a switched capacitor circuit, which
comprises one inductor, one switch, (2N-1) diodes and (2N-
1) capacitors for an N-level converter. The major advantages
of the proposed converter are that it offers a low voltage stress
across the switch, continuous input current, and a high
voltage gain without the need for an excessive duty cycle.
The experimental results of the proposed converter with an
input voltage of 100 V show an output voltage of 1000 V at
1 kW. The experimental efficiency of the converter is 92.4%
when operated at a switching frequency of 150 kHz.
Simulations of the circuits show a good level of match with
the experimental data in terms of the trends in the operating
conditions. The data presented confirm the theoretical
analysis developed for the circuit with parasitic components
and identify that the transformerless DC-DC MBC is suitable
for the middle stage of SST for renewable energy integration.
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