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Abstract: Smart city power distributions have become promising technologies to meet the demand
for energy in developed countries. However, increase in smart grids causes several power quality
problems on the smart grid, in particular, current and voltage harmonic distortions, sudden voltage
sag and swells, fault current, and isolation deterioration. Smart transformers are potential solutions
to improve the power quality on the electric grid. They present energy efficiency, ensure grid
reliability and power flow control, voltage regulation, bidirectional power flow, fault current limiting,
harmonic blocking, and galvanic isolation. Therefore, this paper offers an optimal selection of a
three-stage (AC-DC-DC-AC) smart transformer model and power control strategy for solar PV
power plant integrated smart grids. The topology of the rectifier, isolated bidirectional converter,
and inverter has soft-switching features. This enables low conduction loss, low electromagnetic
interference (EMI), high efficiency, achievable zero-voltage switching for converters, and zero-current
switching for electrical auxiliary systems. Operation strategies of the proposed ST, PWM control,
voltage, and current control between converters, including a medium-voltage (MV) high-frequency
transformer to realize a 10 kVA, 450 Vdc to 220 Vdc, or 220 Vac ST, are presented. Significantly, the ST
prototype achieves 96.7% conversion efficiency thanks to its control strategy, even under unstable
power generation conditions from the solar PV plant. Experimental results obtained on the 344 Vac
10.4 A load current validates the dv/dt rate 6.8 kV/us. The dynamic and experimental results of
the proposed bidirectional smart transformer demonstrate the success in preventing power quality
problems for photovoltaic integrated smart city power distribution.

Keywords: smart transformer; power quality; smart city; power distribution; solar PV

1. Introduction

In recent years, the increasing use of renewable energies and distributed generation
bring about energy quality problems in the smart power grid. Smart transformers (STs)
are key and intelligent technologies that allow the incorporation of renewable and non-
renewable power plants into the same electric grid. STs have many advantages that
are becoming an alternative to substitute the conventional power transformer such as
reactive power compensation, voltage regulation, power flow control, bidirectional power
flow, fault current limiting, harmonic blocking, and galvanic isolation. One of the most
significant features of STs is that the weight and size are reduced considerably compared
with the conventional power transformers. This advantage is gained with the dc–dc isolated
converter structure of the ST. The dc–dc conversion stage with HF transformer is the main
part of the ST since it achieves some requirements such as high efficiency, high power
density, intelligent power flow management, better isolation, reduced size, and weight. In
smart grids, it is the main part where power is controlled, and grid reliability is ensured.
To meet these significant requirements in the different application areas of STs, researchers
have performed many studies on STs integrated smart grids. The literature review presents
the dc–dc converter-based ST studies so far. The literature review is summarized in Table S1.
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A three-stage modular multilevel converter-based ST is presented [1–7]. This converter
provides bidirectional power flow due to its dual active structure. The control method
of the ISOP converter is the open-loop control (OLC) method. The study shows that the
proposed converter structure meets the requirements for isolation [1]. To increase the
power range, reduce the voltage harmonics, reduce the dv/dt stress and eliminate the back
power flow, the modular multilevel converter is proposed. The voltage regulation and
current balance operation are provided by the dual shift control method [2]. The modular
multilevel converter (MMC) has a high conversion ratio, zero current switching operation,
variable conversion ratio, and phase shift control. The faults are easily bypassed due to
their modular structure. Also, the resonant operation mode eases the ZCS mode. The
inductorless structure of the proposed converter provides low cost and high efficiency [3].
This converter topology is preferred to increase the converter power rating and gain high
efficiency under the ZVS operation of the power switches. PI controller-based phase
shift modulation is used for the control scheme. The control method enables the voltage
balance of the converter [4]. An isolated bi-directional dc–dc converter in an ISOP modular
topology is used in the design of a 100 kVA ST-based power substation to reduce the
freewheeling currents of DAB, which raise overall losses and lower the effective duty
cycle. To demonstrate the effectiveness of the suggested approach, simulation results in
the Matlab-Simulink environment are shown. For tracking a sinusoidal reference signal, a
proportional resonant (PR) controller performs better than a PI controller. However, due to
its limited bandwidth, a conventional PR controller is difficult to make stable. An updated
PR controller is incorporated into the design to address this issue. The developed controller
is stable and functions well thanks to the low steady-state error and reliable output [5].
The Quasi-2-Level (Q2L) modulation strategy is proposed for the control of the system
due to its effectiveness and superior current transfer capacity. Also, the proposed control
method provides to suppress the dv/dt on the HF transformer. The results show that the
Q2L modulation strategy achieves the capacitor voltage balance and lower electromagnetic
interference (EMI) [6].

A series resonant converter is proposed [8–18]. This converter topology is used to
meet the constant voltage-transfer requirement of the phase modular STs. The half-cycle
discontinuous conduction-mode operation principle is selected for the isolation stage of
the ST since this operation achieves zero current switching with high efficiency. However,
the operating strategy lacks power flow control. This operation mode provides to circulate
the MV side power fluctuations through the SRC to the common LV side [10]. A new
single-stage control method is used to simplify the system control. This converter has a
quasi-resonant frequency mode, because the constant voltage is obtained for the common
DC-side voltage thanks to this model [8]. The conventional series resonant converter is
reconfigured to provide voltage stability by using a voltage doubler rectifier. The proposed
converter structure achieves the post-fault operation and decreased additional power
devices [12]. A CLLC resonant converter is used for a next-generation DC data center. The
proposed converter provides ZVS operation of the primary power switches. To minimize
the power flow losses, synchronize rectifier control is used for output side power switches.
Also, the switching frequency and resonant frequency operate simultaneously to get better
conversion efficiency. The results show that the designed converter topology achieves 98%
peak efficiency and good power density [14]. The resonant soft-switching modulation is
applied for the control technique of the proposed dc–dc converter. The control method
increases the system’s efficiency because of its soft switch loss reduction capability [18].

A dual active bridge (DAB) converter is proposed for the MV dc–dc isolation stage
of the STs [19–47]. This converter has many superiorities such as zero-voltage switching
(ZVS), simple control, high power isolation, and bidirectional power flow. Yet, the parasitic
capacitances are especially high at high frequency and voltage levels. This case results in
the switching losses and slowing of dV/dt [19]. Contrary to conventional single-phase
shift control, the extended phase shift control method is applied to minimize power losses.
The proposed control strategy manages to adjust the direction and magnitude of power
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flow. The backflow power is reduced by extended phase shift control [30]. The phase angle
control method is only applied for the DAB voltage control due to its simple and easy
implementation capability. Also, the HF transformer is chosen as a star-delta connection to
reduce the turn ratio. The smaller and closer turns of the HF transformer enable the ZVS
operation [40]. To reduce the harmonics and inrush current effects, the soft-shift modulation
control is offered for the isolation stage of the ST. The proposed control method provides
the voltage balance and regulates the dc-link capacitor voltages of the dc–dc converter [44].

A power electronic-based intelligent universal transformer is proposed for the utility
grid. The isolation stage of the proposed smart transformer is an LLC based converter to
provide soft-switching operation. To manage the voltage and power flow, a DSP based
control card is used. The proposed converter allows the low magnetizing current thanks to
their leakage inductances. The converter provides 98% maximum efficiency under light
load conditions [46]. A medium frequency isolated transformer structure is presented for a
500 kVA industrial prototype electronic power transformer. The isolation stage consists of
cascaded voltage source converters and medium-frequency transformers. The pulse width
modulation control, current and voltage inner loop control structure are used in a DSP to
control the unbalanced output power. The fault protection and monitoring operation are
also achieved thanks to DSP [47].

A Quadruple-Active-Bridge (QAB) dc–dc converter is examined for a modular ST
configuration [48–50]. This converter topology is selected for soft-switching capability and
reduction in the number of high-frequency transformers. Triangular current modulation is
used to control the converter. This control strategy uses the duty cycle principle to control
the power switches. It provides to reduce the circulating reactive power in the isolation
stage of ST [48]. This converter type is used to reduce the number of HF transformers to
provide more bridges for the connection of HF transformers. The triangular current-mode
modulation control is applied to achieve the soft-switching operation of the power switch.
The control strategy enables it to reduce the power switching losses and ease the ZCS
operation for heavy loads [49].

The literature review presents the STs used in smart power grids. The studies reveal
that dual active bridge converters, resonant converters, modular multilevel converters,
and quadruple active bridge converters are widely used in ST applications. The four
main dc–dc conversion structures in different applications and powers are presented with
their control strategies. Related to this study, ST models for solar PV power systems are
presented in References [51–56]. To reduce the dual-side backflow power and increase the
DAB converter’s effectiveness for a variety of voltage conversion situations, a single-stage
dc smart transformer based on a DAB converter is developed. Enhanced triple-phase shift
control and single-phase shift control methods are applied to the DAB converter to show
the effectiveness of the proposed enhanced triple-phase shift control. The efficiency of
the DAB converter-based ST model is measured at 96% thanks to the proposed control
algorithm [51]. For MV-level grid-tied applications, such as power converters for renewable
energy systems and electric trains, single-stage loosely coupled resonant DAB converter-
based ST is used. Loosely coupled coils are used in place of the HF transformers used in
traditional STs. The efficiencies of the proposed DAB converter and ST model are 97.4%
and 95.2% at 2.4 kW [52]. A forward dual-active-bridge-based ST topology is presented.
This topology decreases the number of active switches, and it is aimed at further reduction
in the converter volume. The proposed topology is demonstrated to be superior to other
unidirectional topologies in three areas: higher power density with commercially available
power modules, lower part count, and ease of control [53]. The reactive power distribution
method is proposed for a cascaded multilevel converters-based ST topology. Due to the
increasing reactive power in solar cells, it is anticipated that the efficiency of such power
cells will decline as the imbalance rises. This method involves allowing some power cells
to carry a higher AC for a given active power than they would under balanced conditions.
It lessens unbalanced power on the solar cells [54]. The simulation model and management
of a three-stage ST with a solar PV power plant are presented. For the conversion of various
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stages, a PWM rectifier, a DAB, and a three-phase voltage source control inverter are used.
Changes in solar irradiation, load demand, and irregularities in grid supply voltages have
all been found to affect ST. Under a variety of field disturbances, the performance of ST
has been deemed adequate [55]. A DAB converter-based ST model for solar PV systems
is created in MATLAB/Simpower, and a prototype is implemented in the laboratory. The
proposed ST can efficiently integrate solar PV modules into the grid/load, according to
simulation and experimental results, with the LCL filter demonstrating a good reduction of
undesirable harmonics. The ST with a dual active bridge increases efficiency and power
transfer based on the relative phase shift between each h-bridge switching [56]. In this
study, the cascade (AC–DC–DC–AC) soft-switching smart transformer model is used for
the first time for a real smart power grid. The proposed DAB converter-based ST model is
implemented in a real-time 12.5 kW solar PV power plant. Under partial shading conditions,
the output power obtained from solar PV panels is constantly changing. This causes large
power imbalances in the smart grid. Soft-switching features of the proposed ST will provide
low conduction loss, low electromagnetic interference (EMI) for the converters and high
efficiency, and balanced power for the end-users. With the proposed control method and
key driving strategies in converters, DAB converter and ST conversion efficiency is aimed
at over 98% and 96%, respectively. The proposed ST topology and easy-to-apply control
method are tested on a real solar PV power plant. The ability of the smart transformer to
control power against sudden power changes in solar PV plants has been verified with ZVS
gain, dv/dt ratio, and conversion efficiency. Also, the proposed system can be connected
to both ac and dc sources or loads thanks to bidirectional power flow. Additionally, the
proposed control algorithm of the ST is easy applicable and multifunctional to solve the
power sag and swell problems. Therefore, soft switching ST enables power control and
efficient use of electrical energy in a grid struggling with unwanted power flow from
interconnected grids such as grid-connected renewable power plants.

This paper is presented in 3 sections. All dc–dc converter structures used in different
ST applications are reviewed in the introduction section. In the literature review, the
converter topologies are evaluated in terms of switching characteristics, application areas,
frequency, isolation level, and ZVS and ZSC operations. Materials and methods consist
of soft switching medium voltage dc smart transformer topology, operation principle of
DAB converter, control schemes, and solar PV power plant, presented in Section 2. In
Section 3, a solar PV power plant-based ST dynamic model is created in MATLAB/Simulink
to show the performance analysis of the proposed photovoltaic integrated smart city power
distribution. The design and control application of the proposed ST model is examined in
detail. Finally, the inferences obtained from the simulation and experimental results, and
the proposed ST success are explained in the conclusion section.

2. Materials and Methods
2.1. Soft Switching Medium Voltage dc Smart Transformer Topology

The schematic of the proposed soft switching MVdc ST with a control strategy to
interface MVdc or low voltage ac (LVac) loads or sources with smart grids is shown in
Figure 1. The dc–dc converter module is based on the soft-switching smart transformer
topology with reduced conduction loss thanks to their voltage, current, and PWM control
strategy. The dc–dc converter module is formed by two reverse-blocking semiconductor
bridges, a high-frequency transformer to provide galvanic isolation, and auxiliary resonant
circuits to create ZVS conditions for all the major components.

The dc–dc conversion stage is the key part for three-level STs since the whole power
system efficiency generally depends on the dc–dc conversion efficiency. The high-frequency
isolated dc–dc converters are significant devices for future smart-grid applications due to
their acts as a DC transformers. However, the most challenging and remarkable stage is the
dc–dc conversion stage of the ST because it must meet some strict requirements to achieve
high conversion efficiency and galvanic isolation. These requirements are exemplified as a
fast-switching speed, ZVS, ZCS, zero load current, minimum hard turn-on loss, low di/dt
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feature, high-frequency isolation, high-rated power, soft switching, and power density.
While providing some requirements, researchers used variable converter topologies in
different applications.
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Figure 1. The proposed smart transformer topology for the smart city power grid.

The isolated dual active bridge converters are widely used in many applications
to achieve bidirectional power flow and ZVS operation. Thus, the switching losses are
reduced thanks to ZVS operation for high efficiency and high power density. This feature
allows the use of DAB converters in DC microgrid applications and battery management
systems. However, these converters are exposed to the high circulating current at higher
loads and ZVS fails at light loads. The switching losses occur under the light load. The
harmonics arise from the high dv/dt, light load, and electromagnetic interference in the
HF transformer. Therefore, HF transformer design and the selection of the power switches
play a significant role in the conversion efficiency of the converter. The isolated DAB dc–dc
converter for the STs is given in Figure 2. Also, Table 1 presents the comparative analysis of
the dc–dc converters used in STs.
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Figure 2. Isolated dual active bridge converter topology for smart transformer.

The proposed dual active bridge (DAB) dc–dc converter consists of the HF transformer
and two h bridge bridges of medium voltage and low voltage. The DAB converter with
10 kVA power has a voltage reduction feature from 800 Vdc to 400 Vdc. The HF transformer
is used at a power of 10 kVA according to the switching frequency of 20 kHz. Phase-shifted
duty square waves, voltage, and current control techniques are used to control the power
flow. The proposed DAB converter uses two inductors. These are the magnetizing in-
ductance and the primary leakage inductance. While reducing current harmonics and
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preventing unexpected voltage spikes, and leakage inductance, the high-frequency trans-
former’s circulating current causes electromagnetic interferences, which are lessened by
the magnetizing inductance. As a result, the HF transformer and power switches’ power
losses are reduced, and the converter’s efficiency is raised. The DAB converter can be used
in smart grids because it can provide bidirectional power flow, and interface the LVdc grid
or the LVac grid. Also, it can achieve higher efficiency by providing ZVS control with the
best control strategy. Thus, the proposed dc–dc converter module can feature a single-stage
high-frequency link power conversion architecture, reduced dv/dt, full-range ZVS, and
robustness with benign fault modes such as short circuit current limiting from the dc-link
inductor, desaturation protection in gate drivers, and limit parasitic-inductance-induced
voltage spikes.

Table 1. The comparative performance analysis of the dc–dc converters used for STs.

Converter
dv/dt at

Turn-on of the
Main Switch

Resonant Circuit
Connection

Bidirectional
Power Flow

Speed

Circulating
Current

Soft-Switching
Range

Multiple DC
Cable

Connections

MC <10 kv/us Resonant Tank >1 us High >100 ns, <600 ns practicable

SRC >10 kv/us,
<100 kv/us

Series Resonant
Tank <1 us Medium >100 ns, <100 us impracticable

DAB <10 kv/us LLC Resonant Tank <1 us Low >100 ns, <100 us practicable

QAB <10 kv/us No >1 us High >100 ns, <600 ns practicable

2.2. Operation Principle

Isolated bidirectional DAB converters consist of two full bridge circuits and an HF
transformer as shown in Figure 1. The leakage inductance of the high-frequency transformer
is presented. The voltage gain conversion ratio of DAB is:

d =
aCMV
CLV

(1)

fs is given as the switching frequency, ϕ is a phase shift between the two bridge circuits,
Lsst is the leakage inductance of the MV side bridge circuit, and Ths is half of the switching
period. The transmission power given between two h-bridge circuits is:

PT =
aCMVCLV

wsLsst
ϕ(1 − ϕ

π
) (2)

Also, leakage inductance currents of two bridge circuits are given as Isst1 and Isst2.

Isst1 = −ThsCMV
2πLsst

(2dϕ + π(1 − d)) (3)

Isst2 =
ThsCMV
2πLsst

(2ϕ + π(d − 1)) (4)

These currents determine the switch-on losses of the circuits. To achieve the zero-
voltage switching of two bridges, the states are Isst1 < 0 and Isst2 > 0, respectively. In this
situation, the body diode of the switch that needs to be turned on receives the current from
the leakage inductance. Additionally, the DAB converter ensures deadband to protect the
dependability of the high voltage and high power converters. In order to determine how
much of the leakage inductance’s current is necessary for the ZVS turn-on operation at the
start of the deadband, it is critical to study the converter at this point. Figure 3 shows the
key waveforms of the DAB during deadband ([t0 t2]). Figure 4 shows the equivalent circuits
of the DAB converter, which include the current path in various modes during deadband.
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2.3. Control Scheme

The control strategies of the converters have a direct effect on the performance of the
STs. The variable control systems are applied for converters in the literature survey. The
voltage and current control method is used to provide voltage balance and output current
sharing in the ST. The voltage and current balance are significant operations to protect the
power switches from burnout. The dc voltage balance prevents the early failure of some
IGBT devices. Similarly, the current sharing control is an effective control strategy to reduce
the switching losses and heat stress on the power switches. Thus, the voltage and current
control strategy enable the avoidance of risks of overcurrent and overvoltage in the power
electronic system.

Frequency control is generally used in the series resonant converter-based STs. Due
to keeping the switching frequency close to the resonant frequency, power switches can
succeed in zero-voltage switching and zero-current switching. This case results in little
switching losses on the power switches. Also, the trapezoidal modulation can minimize the
turn-off losses of the power switches because the switch-off operation is achieved under the
ZVS. Discontinuous conduction mode operation is also used in series resonant converter-
based STs. This mode operates in the manner that the switching frequency is close to the
resonance frequency in the converter. This control method achieves the ZVS operation at the
MV side and the ZCS operation at the LV side. It reduces the electromagnetic interference
on the HF transformer due to its low di/dt capability. The Quasi-2-Level control strategy
enables the active power transfer capability. The Q2L control mechanism is based on the
capacitor voltage balance strategy. It protects the HF transformer from electromagnetic
interferences, reducing the dv/dt stress on the MF transformer.



Sustainability 2023, 15, 32 8 of 27

Sustainability 2023, 15, 32  7 of 27 
 

from  the  leakage  inductance.  Additionally,  the  DAB  converter  ensures  deadband  to 

protect  the dependability of  the high voltage  and high power  converters.  In order  to 

determine how much of the leakage inductance’s current is necessary for the ZVS turn‐on 

operation at the start of the deadband,  it  is critical to study the converter at this point. 

Figure 3 shows the key waveforms of the DAB during deadband ([t0 t2]). Figure 4 shows 

the equivalent circuits of the DAB converter, which include the current path in various 

modes during deadband.  

 

Figure 3. The voltage of the ZVS capacitor of C2 under deadband, the leakage inductance current 

Isst, and the PWM gate signals of power switches. 

 
(a) 

 
(b) 

Sustainability 2023, 15, 32  8 of 27 
 

 
(c) 

Figure 4. DAB converter including current path in different modes during deadband: (a) mode 0 ([t 

< t0]), (b) mode 1 ([t0 t1]), (c) mode 2 ([t1 t2]). 

2.3. Control Scheme 

The control strategies of the converters have a direct effect on the performance of the 

STs. The variable control systems are applied for converters in the literature survey. The 

voltage and current control method is used to provide voltage balance and output current 

sharing in the ST. The voltage and current balance are significant operations to protect the 

power switches from burnout. The dc voltage balance prevents the early failure of some 

IGBT devices.  Similarly,  the  current  sharing  control  is  an  effective  control  strategy  to 

reduce the switching losses and heat stress on the power switches. Thus, the voltage and 

current control strategy enable the avoidance of risks of overcurrent and overvoltage in 

the power electronic system. 

Frequency control is generally used in the series resonant converter‐based STs. Due 

to keeping the switching frequency close to the resonant frequency, power switches can 

succeed in zero‐voltage switching and zero‐current switching. This case results  in  little 

switching losses on the power switches. Also, the trapezoidal modulation can minimize 

the  turn‐off  losses of  the power  switches because  the  switch‐off operation  is achieved 

under the ZVS. Discontinuous conduction mode operation is also used in series resonant 

converter‐based STs. This mode operates in the manner that the switching frequency is 

close to the resonance frequency in the converter. This control method achieves the ZVS 

operation  at  the  MV  side  and  the  ZCS  operation  at  the  LV  side.  It  reduces  the 

electromagnetic  interference on the HF transformer due to  its  low di/dt capability. The 

Quasi‐2‐Level  control  strategy  enables  the  active  power  transfer  capability.  The Q2L 

control mechanism is based on the capacitor voltage balance strategy. It protects the HF 

transformer  from  electromagnetic  interferences,  reducing  the  dv/dt  stress  on  the MF 

transformer. 

Duty cycle control has a significant role in the power conversion efficiency of the ST. 

Considering  the MV and LV side harmonic conditions,  the duty cycles are adjusted  to 

enable a wide ZVS range, minimum circulating current flow, and power switching loss 

reduction.  Triangular  current modulation  is  a  great  solution  to  obtain  the wide  soft‐

switching range under the unstable output capacitor voltage terms. This control strategy 

manages the duty cycle to control and prevent the circulating reactive power. However, 

compared  to  the  conventional  phase‐shift modulation,  the  currents’  high  root‐mean‐

square (RMS) value on the power switches and HF transformer lead to higher conduction 

losses due to its triangular shape. The D‐Q control can provide ZVS operation of the dc–

dc converter by adjusting the duty ratio. The LV side voltage of the converter is controlled 

while the D‐axis current operates freelance with the Q‐axis current by arranging the duty 

ratio. This case gains the fast response of the power switches and overcurrent protection. 

Phase  shift modulation  can  control  the  power  flow  and  cope with  overcurrent 

problems. It allows the ZVS operation to turn on by changing the phase shift between the 

bridges.  Nevertheless,  to  avoid  the  sudden  phase  shift  in  the  dc–dc  converter,  an 

additional  control mechanism  is necessary  for minimizing  the peak  current. The OLC 

Figure 4. DAB converter including current path in different modes during deadband: (a) mode 0
([t < t0]), (b) mode 1 ([t0 t1]), (c) mode 2 ([t1 t2]).

Duty cycle control has a significant role in the power conversion efficiency of the ST.
Considering the MV and LV side harmonic conditions, the duty cycles are adjusted to enable
a wide ZVS range, minimum circulating current flow, and power switching loss reduction.
Triangular current modulation is a great solution to obtain the wide soft-switching range
under the unstable output capacitor voltage terms. This control strategy manages the duty
cycle to control and prevent the circulating reactive power. However, compared to the
conventional phase-shift modulation, the currents’ high root-mean-square (RMS) value
on the power switches and HF transformer lead to higher conduction losses due to its
triangular shape. The D-Q control can provide ZVS operation of the dc–dc converter by
adjusting the duty ratio. The LV side voltage of the converter is controlled while the D-axis
current operates freelance with the Q-axis current by arranging the duty ratio. This case
gains the fast response of the power switches and overcurrent protection.

Phase shift modulation can control the power flow and cope with overcurrent prob-
lems. It allows the ZVS operation to turn on by changing the phase shift between the
bridges. Nevertheless, to avoid the sudden phase shift in the dc–dc converter, an additional
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control mechanism is necessary for minimizing the peak current. The OLC method is
proposed in such a quick phase-shifted case. The increasing phase shift angle is controlled
with proportionality to the time step, so the LV side voltage of the dc–dc converter is
regulated. The commonly used control for all dc–dc converters is the pulse width modu-
lation strategy. PWM signals are applied to control the power switches. The pulse width
modulated signals operate with a 50% duty ratio. The two square wave phase-shifted
signals control the turn-on and turn-off operation of the power switches, so the power flow
is regulated. MV-side and LV-side capacitor voltages of the dc–dc converters should be
adjusted according to the charging and discharging time by using the PWM technique.
Controlling the turn-on and off times of the power switches and input/output voltages
with PWM can reduce the circulating current and minimize the losses in STs.

To summarize all the implications, phase shift modulation techniques are the most
widely used in terms of ease of application and control capability. However, the phase shift
modulation strategy is applied to control the switches, but this control method is suitable
for steady-state conditions. Therefore, additional control algorithm methods are used for
the overcurrent, overvoltage, and soft-switching operation. These are the extended phase
shift control method, PI controller-based single phase shift control method, and output
voltage or current control methods. The additional control algorithms are used for a grid-
connected solar photovoltaic (PV) system. They achieve the current and voltage balance
control of converters. In this study, the PWM signals of inverter module are controlled
by using a DSP control card and the Matlab/Simulink program. The output voltage is
measured by a LV25-P sensor and current is measured by a LA25-NP sensor. These signals
are read and scaled with the Simulink blocks and PWM controls are provided to obtain
reliable output signals as shown in Figure 5. Also, the duty cycle control of the DAB is
presented in Figure 6.
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To obtain voltage information from the single-phase power system, a LEM LV 25-P
voltage sensor with a single-phase error conversion ratio of 220/5 volts and a supply
voltage of +15 and −15 is connected. Voltage information is read from the output of the
voltage sensor and directed to the zero-crossing detector. The circuit diagram of the voltage
sensor connected in parallel to the circuit is shown in Figure S1.

Rm measures the resistance, while Ri represents the major input resistance. The
observed power supply voltage for this study was a single-phase 220 V system operating at
a 50 Hz line frequency. The analog-to-digital (ADC) range used by the DSP TMS320F28335
must match the output waveform specified by this converter. The conversion ratio for this
LV 25-P voltage converter is 2500:1000, according to the voltage converter’s data sheet [57].
Reducing the input voltage level from 220 V to 5 V is the primary goal. By applying Ohm’s
Law and using the primary rated RMS current of 10 mA, resistors are determined. The
secondary side of the voltage converter’s design is maintained. The secondary output
current is pulled at 25 mA when the input current is 10mA according to the conversion ratio
in the datasheet, which is 2500:1000. As a result, using Ohm’s Law, Rm is the measurement
resistance and Ri is equal to 22 k. As a result, the system voltage level, which in the circuit
diagram is 220 V, is changed to 5 V at AC RMS value.

According to the design requirements, the current sensor must transform an input
current into a proportionate voltage value. In this investigation, the current transducer LA
25-NP is used. Figure S2 illustrates the preferred LA 25-NP connection in detail. Voltage
and current transducers make up the single-phase power measurement board. Using a
conversion circuit, the measured voltage values for both transducers must be rescaled to
match the ADC voltage level in the specified DSP.

Because the DSP accepts the 0–3 V input data range, low-level bipolar voltage signals
in the ±5 V range are now converted to the 0–3 V range. The circuit detail for the above
signal conversion requirement is shown in Figure S3.

2.4. Solar PV Power Plant

Grid-connected (on-grid) solar systems are established to operate based on the elec-
tricity produced by solar panels, where it is instantly consumed from storage, where it
is produced, and the surplus is given to the grid. With the increase in the installation of
such solar PV systems, energy management and efficiency in power grids have become
important. In this study, a 12.5 kWp on-grid solar PV power plant was used for smart
transformer input power. This solar PV power system is shown in Figure 7. The solar
PV power plant consists of 30 units of 415 W solar PV panels and 6 units of 2 kW on-grid
inverter modules. The solar PV power plant is mounted on the roof to meet the needs of a
house. There are instantaneous voltage changes according to variable weather conditions.
Experimental studies of the proposed smart transformer have been carried out on this
power plant to ensure the stability of the smart grid.
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3. Dynamic and Experimental Model of Smart Transformer for Smart Grids
3.1. Dynamic Model

In this paper, it is decided to analyze the impedance and efficiency characteristics of
the bidirectional dc–dc dual active bridge (DAB) converter-based ST. To increase the grid
reliability and power stability of a solar-powered smart grid, the performance analysis for
a smart grid is proposed using a DAB-based ST. Figure 8 presents on-grid solar PV power
plant-based ST. The DAB converter is not only used in the ST to enable the DC micro-grid
but also serves as a power electronics interface for battery modules, other sources, or
loads due to its bidirectional power flow capability, zero voltage switching (ZVS) ability,
and galvanic isolation. Zero Voltage Switching is one method that enables a return to
greater switching frequencies with increased input voltage and voltage drop (ZVS). This
method uses pulse width modulation (PWM)-based operation, like almost all other modern
switching voltage regulators, but with an additional independent phase to the PWM timing
to support ZVS operation. ZVS offers soft switching, preventing the switching losses that
are often experienced during traditional PWM operation and timing. While ZVS runs
on a constant off-time control, zero current switching (ZCS) runs on a constant on-time
control. When output voltage control or power flow control is required, the DAB converter
is more advantageous because it works with active control of the transferred power. Also,
under normal load conditions, this isolated converter operates at the resonant point to
achieve zero voltage (ZVS) turn-on at the primary side and zero current (ZCS) turn-off at
the secondary side.
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Figure 8. The model of DAB converter-based ST for a smart grid.

Figure 9 shows the proposed solar PV power plant model. 12.5 kW grid-connected
solar PV power plant is modeled to provide renewable power for a smart grid. Because
the average electricity consumption of a house is approximately 10 kW of power per
month, the ‘Perturb and Observe’ technique is used in the MPPT charge controller. The
solar PV panel voltage and current are measured, and instantaneous power is calculated
using these two values. Then, the output power change is observed by changing the
solar PV panel operating voltage. If the output power is increased, it is understood
that the direction of change of the voltage is correct and by continuing in this direction,
the maximum power point is obtained thanks to the proposed method. This method
is proposed to improve power tracking accuracy and dynamic performance in rapidly
changing environmental conditions.

In Figure S4, the solar PV panel output power and the load side output power are
calculated and compared using current and voltage values. Then, the voltages are com-
pared. Hereafter, the reference value (voltage) is increased or decreased by the specified
amount. When it reaches the maximum power point, it will constantly perturb and observe
operation at that point.
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The issue that conventional MPPT techniques are trying to solve is how to automati-
cally determine the voltage or current at which a PV array will produce the most electricity
at a certain temperature and irradiance. By sampling the solar PV power plant current and
voltage, the MPPT algorithm used in the P&O technique determines the solar PV output
power and the power change. The calculation of the solar PV power plant output power
change over successive cycles is the basis for this approach. The output power value of the
solar PV power plant during the current cycle (obtained by measuring both the PV current
and voltage values) is contrasted with that of the cycle before. The algorithm determines
whether to raise or lower the reference current based on the results of this comparison. If
the solar PV power plant output power is rising, the current direction of change will remain
unchanged from the prior direction. The direction of change for the current is reversed
when the power difference between two consecutive cycles is negative. The output of
power oscillates around the peak power at a steady state because the current perturbation
is fixed in each cycle.

The main problem of renewable power plants is the occurrence of large imbalances in
the produced power and supplied power to the grid under constantly changing weather
conditions [58,59]. Overcoming these problems occurring in the grid with the proposed
system extends the life of the devices used in smart homes and increases the profits of the
smart hosts. In this study, variable solar radiation amounts and variable temperatures are
applied to the solar PV panels. Thus, it is aimed to show the changes in power quality
affecting the system and the efficiency of the proposed solid-state transformer. Table 2
presents the parameter of the solar PV panel used in the simulation. Figure 10 shows the
power changes in solar PV plants under changing weather conditions. With 5 parallel
string structures in the solar PV array, the produced voltage can be constant. Since the
decrease in the amount of solar radiation causes current losses in the solar cells, the change
in power is observed in proportion to the current.

The dc–dc bidirectional DAB converters exhibit superior performance on power con-
version due to their low number of components and great controllability. The proposed
DAB converter topology is presented in Figure 11. The proposed converter operates in
two manners. These are forward and backward power flow. The power flow direction is
changed by using phase-shift modulation. The power flow control is achieved by phase-
shifted duty square waves. Two inductors are used in the proposed DAB converter. These
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are primary leakage inductance (Lp) and magnetizing inductance (Lm). While Lp prevents
sudden voltage spikes and reduces current harmonics, Lm reduces the electromagnetic
interferences caused by the circulating current in the high-frequency transformer. Thus, the
power losses on the power switches and HF transformer are decreased, and the efficiency
of the converter is increased. The proposed dc–dc converter parameters are given in Table 3.
Two H-bridges are integrated with an HF transformer.

Table 2. The electrical characteristic of the solar PV panel used in the simulation.

Electrical Characteristics Value Electrical Characteristics Value

Power Rating 415 W Power Density 192.13 W/m2

Short Circuit Current (Isc) 6.21 A Power Tolerances 0%–+5%

Open Circuit Voltage (Voc) 85.6 V Peak Efficiency 19.66%

Maximum System Voltage 600 V Nominal Operating Cell Temperature 45.8 ◦C
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To reduce the power switch turn-on and turn-off losses and enable the ZVS operation,
1.2 kV IGBTs are used in the MV side of the converter. 600 V MOSFETS are used in the LV
levels under low power level conditions.
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Table 3. The proposed DAB converter parameters.

Parameters of DAB Module Value Parameters of HF Transformer Value

Power 12.5 kW Input Capacitor 0.88 mF
Input Voltage 750 V Output Capacitor 0.67 mF
Output Voltage & Current 400 V, 30 A Switching Frequency 20 kHz

Parameters of HF Transformer Value Parameters of HF Transformer Value

Magnetizing Inductance (Lm) 140 mH Magnetization Resistance (Ω) and
Inductance (H) 1.8 kΩ–3 H

Primary Leakage Inductance (LP) 2.2 mH Turn ratio (N) 2:1

The controlling operation is the key part of the DAB converter design to gain system
stability and higher efficiency of the system. To obtain the desired output voltage from the
input voltage, PWM signals are used in the power switches. As shown in Figure 12, the
output voltage control is enabled by using the voltage loop control. The output voltage is
compared with the reference voltage to obtain the error value. Thus, the difference between
the actual dc-link voltage and reference voltage undergoes a PI control and then the limiter
to produce the required phase-shift angle and PWM signals. To achieve regulated output
voltage, the variable phase angle is applied to the LV-side PWM and MV-side bridges.
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To verify the performance of the voltage control, Figure 13 shows the MV and LV-side
capacitor voltages. Although the changing power condition is realized in the solar PV
power plant due to the weather condition, voltage stability is provided. Also, an LC filter
is applied out of the PWM rectifier to regulate the MV-side capacitor voltage.
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The DAB converter topology is favorable to reduce the switching losses by using
ZVS operation. Figure 14 presents the ZVS operation of the proposed converter. The
selection of the power switches and control methods plays a key role to achieve the ZVS
operation. The waveforms of the MV-side h-bridge output voltage (Vs1) and the output
current (Is1) demonstrate the success of the ZVS operation. This isolated converter operates
at the resonant point to achieve zero voltage (ZVS) turn-on at the primary side. When
the MV-side h-bridge input voltage (VP1) and VS1 reverse polarity, the resonant mode
between the transformer leakage inductance and the capacitors (C1 and C2) in parallel
with the switches occurs. For example, in Figure 11, switches S2 and S3 are fully turned on
and S1 and S4 are at the off state before the period equals zero. At this time, S2 is turned
off at zero voltage level (ZVS) while S3 is kept in the on state. Resonance occurs between
Lp, C1, and C2. The switch capacitors reset the capacitive energy from S2 to S1. This
topology is known as a quasi-resonant ZVS because the resonant operation only occurs
for a brief duration of the switching period. The load current is therefore being conducted
by diode D1, and switch voltage S2 is Vin1. Now, the resonant inductor is charged by the
dc voltage. The active switch is guaranteed to turn on ZVS since the anti-parallel diode is
still conducting. S1 is conducting and can be turned off by the control logic to begin the
subsequent resonance operation when the load current changes to positive.

Sustainability 2023, 15, 32  15 of 27 
 

The DAB converter topology is favorable to reduce the switching losses by using ZVS 

operation. Figure 14 presents the ZVS operation of the proposed converter. The selection 

of the power switches and control methods plays a key role to achieve the ZVS operation. 

The waveforms of the MV‐side h‐bridge output voltage (Vs1) and the output current (Is1) 

demonstrate  the  success of  the ZVS operation. This  isolated  converter operates  at  the 

resonant point to achieve zero voltage (ZVS) turn‐on at the primary side. When the MV‐

side h‐bridge input voltage (VP1) and VS1 reverse polarity, the resonant mode between 

the transformer  leakage  inductance and the capacitors (C1 and C2)  in parallel with the 

switches occurs. For example, in Figure 11, switches S2 and S3 are fully turned on and S1 

and S4 are at the off state before the period equals zero. At this time, S2 is turned off at 

zero voltage level (ZVS) while S3 is kept in the on state. Resonance occurs between Lp, 

C1, and C2. The switch capacitors reset the capacitive energy from S2 to S1. This topology 

is known as a quasi‐resonant ZVS because the resonant operation only occurs for a brief 

duration of the switching period. The load current is therefore being conducted by diode 

D1,  and  switch  voltage  S2  is Vin1. Now,  the  resonant  inductor  is  charged  by  the  dc 

voltage. The active switch is guaranteed to turn on ZVS since the anti‐parallel diode is still 

conducting.  S1  is  conducting  and  can  be  turned  off  by  the  control  logic  to  begin  the 

subsequent resonance operation when the load current changes to positive. 

 

Figure 14. ZVS operation of the bidirectional dc–dc DAB converter. 

The  essential  elements  of  a DC–AC  inverter  are  depicted  in  Figure  15.  The DC 

source’s ripples or  frequency distortions are eliminated by  the  input  filter.  It gives  the 

inverter  circuit  a pure  voltage. The primary power  circuit  of  the  entire  system  is  the 

inverter. The desired multilayer PWM waveform is created by this circuit by converting 

the DC voltage. The output  filter helps  to  create  a  signal  that  is  almost  sinusoidal by 

attenuating the high‐frequency components of the PWM waveform. 

In this design, the inverter is controlled by the Sinusoidal Pulse Width Modulation 

(SPWM)  approach  because  it  can  directly  regulate  the  output  voltage  and  output 

frequency  in accordance with  sine  functions. Constant amplitude pulses with variable 

cycle periods within each period define the SPWM technology. In order to regulate the 

converter output voltage and lower harmonics, the width of these pulses is varied. Three 

sine waves and high‐frequency triangular carrier waves are used to create the PWM signal 

in the sinusoidal pulse width modulation approach. The amplitude of the voltage at the 

converter’s output depends on  the amplitude modulation  rate  in  the  sinusoidal pulse 

width modulation  approach. Overmodulation  and  distorted  sinusoidal  PWM  output 

results from raising the modulation ratio at the high output voltage closer to 1. The output 

voltage must have  its  frequency and amplitude adjusted by  the  inverter. Pulse width 

modulation provides this adjusting mechanism. An inverter’s output voltage must have 

its amplitude and frequency modified. The output voltage should be as near to the sinus 

form as possible while these are set. The frequency of the control signal must match the 

Figure 14. ZVS operation of the bidirectional dc–dc DAB converter.

The essential elements of a DC–AC inverter are depicted in Figure 15. The DC source’s
ripples or frequency distortions are eliminated by the input filter. It gives the inverter
circuit a pure voltage. The primary power circuit of the entire system is the inverter.
The desired multilayer PWM waveform is created by this circuit by converting the DC
voltage. The output filter helps to create a signal that is almost sinusoidal by attenuating
the high-frequency components of the PWM waveform.

In this design, the inverter is controlled by the Sinusoidal Pulse Width Modulation
(SPWM) approach because it can directly regulate the output voltage and output frequency
in accordance with sine functions. Constant amplitude pulses with variable cycle periods
within each period define the SPWM technology. In order to regulate the converter output
voltage and lower harmonics, the width of these pulses is varied. Three sine waves and
high-frequency triangular carrier waves are used to create the PWM signal in the sinusoidal
pulse width modulation approach. The amplitude of the voltage at the converter’s output
depends on the amplitude modulation rate in the sinusoidal pulse width modulation
approach. Overmodulation and distorted sinusoidal PWM output results from raising the
modulation ratio at the high output voltage closer to 1. The output voltage must have its
frequency and amplitude adjusted by the inverter. Pulse width modulation provides this
adjusting mechanism. An inverter’s output voltage must have its amplitude and frequency
modified. The output voltage should be as near to the sinus form as possible while these are
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set. The frequency of the control signal must match the intended frequency at the output in
order to produce a sinusoidal voltage at that frequency.

Sustainability 2023, 15, 32  16 of 27 
 

intended  frequency  at  the  output  in  order  to  produce  a  sinusoidal  voltage  at  that 

frequency. 

 

Figure 15. PWM inverter for DC–AC stage of the ST. 

The end‐user obtains pure electricity for the home. The most important part of the 

efficient use of electricity is realized by the proposed dc–dc converter structure. Increasing 

the power quality and  ensuring power  control provides  efficient  electricity output.  In 

ideal conditions, it is hard to obtain the pure electrical waveforms in a renewable energy‐

connected  electric  grid,  but  this  case  can  be  possible  thanks  to  the  proposed  DAB 

converter‐based ST in a renewable energy integrated grid system as shown in Figure 16. 

 

Figure 16. End‐user regulated voltage. 

3.2. Experimental Model 

The gate driver circuit is an integral part of power electronics systems. Gate drivers 

form an important interface between high‐power electronics and control circuitry and are 

used to drive power semiconductor devices. The output of DA–DA converters or SMPS 

mainly depends on the behavior of the gate driver circuits. Therefore, the design of the 

gate driver circuit is critical in the design of power electronics converters. In this study, an 

HCPL 3120 gate driver is used to drive the high‐power IGBT. A GaAsP LED is included 

inside  the  HCPL‐3120  gate  driver  optocouplers.  A  power  output  stage‐equipped 

integrated circuit is optically connected to the LED, ideal for providing driving power to 

MOSFETs and  IGBTs  for  inverted motor  control applications. The output  stage’s high 

operating voltage range supplies the drive voltages needed by gate‐controlled devices. 

Figure 15. PWM inverter for DC–AC stage of the ST.

The end-user obtains pure electricity for the home. The most important part of the
efficient use of electricity is realized by the proposed dc–dc converter structure. Increasing
the power quality and ensuring power control provides efficient electricity output. In
ideal conditions, it is hard to obtain the pure electrical waveforms in a renewable energy-
connected electric grid, but this case can be possible thanks to the proposed DAB converter-
based ST in a renewable energy integrated grid system as shown in Figure 16.
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3.2. Experimental Model

The gate driver circuit is an integral part of power electronics systems. Gate drivers
form an important interface between high-power electronics and control circuitry and are
used to drive power semiconductor devices. The output of DA–DA converters or SMPS
mainly depends on the behavior of the gate driver circuits. Therefore, the design of the gate
driver circuit is critical in the design of power electronics converters. In this study, an HCPL
3120 gate driver is used to drive the high-power IGBT. A GaAsP LED is included inside the
HCPL-3120 gate driver optocouplers. A power output stage-equipped integrated circuit is
optically connected to the LED, ideal for providing driving power to MOSFETs and IGBTs
for inverted motor control applications. The output stage’s high operating voltage range
supplies the drive voltages needed by gate-controlled devices.
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It is the best option for driving IGBTs rated up to 1200 V/100 A due to the voltage
and current offered. The HCPL-3120 series can be utilized to drive a separate power stage
driving the IGBT gate for higher-rated IGBTs. It features a 630 V peak insulation voltage.
Figure S5 depicts the HCPL-3120’s application circuit for driving the IGBT.

To drive high-power Mosfets, a driver circuit was created with the IR2104 IC together
with a 4N25 isolated optocoupler. The typical connection structure of the Mosfet driver
circuit is presented in Figure S6.

DAB bidirectional DC/DC converter is a topology with the advantages of reduced
device count, soft-switched commutations, low cost, and high efficiency. The use of this
topology is recommended for applications where power density, cost, weight, and reliability
are critical factors. The Phase Shift Modulation method, which is frequently preferred in
the literature, has been applied to generate trigger signals in the DA–DA Converter control
algorithm. The advantage of Phase Shift Modulation is that it allows high power transfer
capacity between converters and is suitable for use for variable DC link voltages. If the
DC link voltages are constant and close to each other in accordance with the transformer
conversion ratio, it provides maximum efficiency. The proposed dual-direction DAB
converter was designed and produced as an H bridge. The designed DAB converter card
design and the produced card are shown in Figure 17.
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To drive the IGBT key elements at high speed, the driving process is carried out with
the additional design of the HCPL-3120 IC for the PWM inverter. When IGBTs operate at
high current and voltage values, an isolated driver model is used to prevent the control
card from burning against reverse current flow. Gate signals with a 50% duty cycle are
used for each IGBT. The control card driver test circuit is carried out on the PCB on the
experimental table. It is designed with a PCB card by designing an isolated gate driver. In
Figure 18, the designed gate driver model for one module is given.
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The gate signals required to drive the IGBTs after the isolated driver circuit is as in
Figure 19. With the circuit proposed in Figure 19, the signals operate at a switching speed
below 600 ns.
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Mosfet and IGBT drivers need dc feeds in converter, converter, and inverter card
designs. Card designs are produced piece by piece in isolation so that they are not affected
by electromagnetic interference. With a single 5 V dc supply, different voltage dc supplies
of the drivers are provided in isolation on all cards. Being isolated is important for the
earthing problem, harmonic fluctuations, and short circuit protections in the cards. These
problems are eliminated with the multi-output isolated DC supply design. With the voltage
that we get 5 V supply from the control card, the feeds are given to the converter cards
with a single voltage without the need for external dc voltages. The 5 V voltage coming
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from the control card is first passed through insulated dc–dc (5 V–5 V) converters to ensure
ground isolation. In Figure S7, an isolated dc–dc design circuit is presented.

The isolated DC/DC converter is typically used in cost-sensitive general-purpose
power isolation and voltage-matching applications. Despite its low cost, a full-featured
converter with 1 kVDC isolation and an industrial operating temperature range of −40 ◦C
to +85 ◦C is used.

Adjustable supply voltage between 5 V–50 V is provided by XL6009 IC. The XL6009
regulator is a wide input range, current mode, and DC/DC converter that can generate
positive or negative output voltages. It can be configured as Boost, flyback, SEPIC, or
inverting converter. The XL6009 built-in N-channel power MOSFET, fixed frequency
oscillator, and current mode architecture ensure stable operation over a wide range of
supply and output voltages. The application circuit is given in Figure S8. The isolated dc
card feeds design is given in Figure S9.

The 10 kVA 380–380 V soft switching smart transformer model is presented in Figure 20.
The model consists of a rectifier circuit, DAB converter, and PWM inverter. Variable AC
voltage produced by a solar PV power plant is converted and controlled by the smart
transformer to enable user voltage.
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Figure 20. Designed and produced smart transformer model for smart power grids.

Power measurements, signal conditioning unit with amplifiers, and supply voltage
for converters and inverters are given in Figure 21. The main voltage is obtained from the
output power of the solar PV power plant. This voltage is reduced to 12 Vac by a 10 W,
220/12 Vac power transformer. The 12 Vac voltage is converted to 5 Vdc with the diode
rectifier circuit. The 5 Vdc voltage is also converted to multi-output supply voltages with
isolated dc–dc converters. The 5 Vdc supply voltages are increased up to 50 Vdc with the
help of a boost converter, providing supply voltages for converters and inverters. In the
measurement and signal conditioning circuit, the reference voltage (220 Vac) is converted
to 5 Vac with the current/voltage measurement sensor. The 5 Vac obtained from the sensor
is converted to the 3.3 Vac unipolar signal allowed by the DSP control card with the signal
scaling circuit. The current/voltage and PWM control in the DSP control card is provided
by control blocks via MATLAB/Simulink.

With 220 Vac supply voltage, the ST converted the ac–dc converter side to 450 Vdc
voltage. Based on the 450 Vdc voltage, the final conversion voltage in the inverter part
is 220 V according to the transformer conversion ratio. When the conversion efficiencies
of the DAB converter and ST are calculated, they are recorded as 98.6% and 96.7% at
10 kVA. The input voltage obtained with the solar PV power plant passes through the smart
transformer. Here, controlled power is sent to the end-user smart grid by controlling the
variable input voltage. Figure 22 presents that the waveforms of the input and output
voltages are given sequentially.
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Figure 21. Power measurement, supply voltage circuit, and signal conditioning circuit for
smart transformer.

Soft switching means eliminating the on or off switching losses of one or more power
switches in a dc-to-dc converter. Soft switching capability means that the proposed circuit
has full range ZVS, which is better than conventional solutions with no ZVS or only limited
range ZVS in DAB. Figure 23 shows the experimental results for the ZVS (zero switching)
gain taken across the high voltage side of the HFT, corresponding to a current of 10.4 A on
the primary side.

The high-frequency oscillation issue brought on by the transformer’s capacitances
and the dual active bridge (DAB) converter’s high dv/dt increases in severity with higher
switching speed. Theoretically, the zero crossing points of the DAB dv/dt excitation might
be positioned at the oscillation frequency to solve the high-frequency oscillation problem.
By connecting parallel capacitors to the power components, the DAB dv/dt is changed.
The transformer’s reduced oscillation loss and superior soft-switching conditions not only
solve the high-frequency oscillation issue, but also allow for an increase in efficiency. Short
rise times can cause high dv/dt, which can cause voltage spikes and ringing on the voltage
pulse’s leading edge. This ringing is a high-frequency EMI source, and if the peak voltage is
sufficiently high, the voltage spikes could harm the loads. The resonant capacitor controls
the dv/dt in the proposed converter, whereas the DAB only controls the dv/dt within its
ZVS range and the dv/dt of the inverter is uncontrolled. Devices made of MV SiC can
have uncontrolled dv/dt rates of up to 10–100 kV/s [60]. The dv/dt rate of 6.8 kV/us is
validated by experimental data using a 344 Vac 10.4 A load current. The dv/dt analysis is
shown in Figure 24.

The ST performance in the sudden sag and swell of the power produced from the
12.5 kW solar PV power plant is presented in Figure 25 with current voltage measurements
of the ST output. Considering the signal fluctuations, it is observed that the end-user output
voltage is kept constant, and no visible harmonics occur in the load current.
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Figure 23. ZVS gain: (a) HF transformer primary side, (b) Switch voltage measurements to verify 

the ZVS. 

Figure 22. Sequence display of system power outputs: (a) AC–DC rectifier input voltage and
converted dc voltage, (b) the voltage converted to alternating current in the primary part of the HF
transformer, (c) AC voltage at the secondary of the HF transformer, (d) inverter output voltage.
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Figure 23. ZVS gain: (a) HF transformer primary side, (b) Switch voltage measurements to verify
the ZVS.
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4. Conclusions

The demand for renewable energy is increasing day by day, thus the increase of
renewable energy integration needs improvements on the controllability side. STs are
potential solutions to enable power flow control, reactive power compensation, harmonic
control, ac–dc–dc–ac conversion, and renewable integration. The isolation stage is the main
part of the ST due to the gain of higher efficiency and controllability to the system. With
a comprehensive literature survey, the dc–dc converter topologies used in different ST
applications are examined. However, the optimal dc–dc converter topology selection for
grid-connected solar PV power plants has not been discussed in the literature.

Under the rated load condition, the proposed DAB converter runs at the fixed resonant
frequency with a 50% duty cycle. To reduce the backflow power and switch on-off current,
the magnetizing inductance (Lm) can be increased. Yet, magnetizing inductance should be
small enough to achieve the ZVS operation. Also, extending the deadband period results in
a larger magnetizing inductance to meet the optimal ZVS requirement. This case can reduce
the backflow power, but it leads to a reduction in the effective time for energy transfer.
The balance between the magnetizing inductance and the dead time specifies the ZVS
operation performance of the DAB. The switching power losses are reduced by extending
the ZVS range and adopting a control strategy. The selection of the power switches and
HF transformer parameters is significant to reduce the circulating current. The 10 kVA
380/380 Vac ST experimentally tested in terms of reduced dv/dt, ZVS gain, and conversion
efficiency at variable voltages. The dv/dt rate of 6.8 kV/us is achieved by experimental
data using a 344 Vac 10.4 A load current. ZVS gain is observed at HF transformer primary
side and switch voltage measurements to verify the success. The conversion efficiency is
calculated at 96.7% at full load conditions. The switching loss is close to ideal when looking
at the ZVS gain in dynamic analysis. In the experimental analysis, switch losses at full
load are clearly visible. In the experimental study, the ST output power was observed as
9.66 kW at 750 Vac peak to peak voltage and 12.89 A current, and in dynamic analysis it
was 9.9 kW at 750 Vac voltage and 13.2 A current. In the experimental study and dynamic
analysis, the ST efficiency was 96.67% and 99%, respectively. In this experimental study,
it is seen that besides the switching losses, there are also transmission losses and HF
transformer losses. The proposed ST has potentially reduced EMI from controlled dv/dt
and full-range ZVS capability Also, the control system gives better performance on the dc
voltage stability and presents a safe operation. The proposed ST has potentially reduced
EMI from controlled dv/dt and full-range ZVS capability. With a useful control method,
voltage balancing between the converter modules under the steady-state and the dynamic
conditions is achieved.
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Abbreviations

EMI Electromagnetic interference SRC Series resonant converter
ST Smart transformer MV Medium voltage
OLC open-loop control LV Low voltage
ISOP Input series output parallel QAB Quadruple-Active-Bridge
ZVS Zero voltage switching PWM Pulse width modulation
ZCS Zero current switching RMS Root mean square
DAB Dual Active Bridge PV Photovoltaic
PR Proportional resonant controller ADC Analog to Digital
Q2L Quasi-2-Level MPPT Maximum power point
HF High frequency SPWM Sinusoidal pulse width modulation
HFT High frequency transformer P&O Perturb and observe
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