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Abstract—The soft-switching solid-state transformer (S4T) em-
ploys only 12 main active devices and an auxiliary resonant circuit
to implement a bidirectional solid-state transformer, with an at-
tractive feature of achieving a full range of zero-voltage-switching
conditions for all the main devices. This paper covers detailed de-
sign of the power stage, auxiliary resonant circuit, and control of
the S4T. The high-frequency transformer is an essential element
for the S4T, and it has a unique feature of dc-biased flux. Design
of such a high-frequency transformer is also discussed in detail
in this paper. Soft startup, shutdown, and fast dynamic response
under load transients are also attractive behaviors because of the
low inertia of the S4T. Experimental results from a 208-V/10-kV·A
S4T unit are presented.

Index Terms—High-frequency transformer, resonant, shut-
down, soft switching, solid-state transformer (SST), startup, tran-
sient, zero-voltage switching (ZVS).

I. INTRODUCTION

S INCE the first solid-state transformer (SST) concept was
introduced almost 50 years ago as an isolated single-

phase ac/ac converter [1], various approaches to implement the
SST have been proposed. Indeed, the SST, combining a high-
frequency galvanic isolation link and power electronics con-
verters, helps saving significant volume and weight of magnetic
materials because of the high-frequency isolation. In addition, it
gives the features of bidirectional power flow control, VAr sup-
port, harmonics elimination, dc or multiterminal interfacing,
voltage regulation, sag correction, and fault isolation. However,
the existing technical challenges that prevent the SSTs from be-
ing deployed in the grid are the high fault current coordination
(typically > 10 kA) and high basic insulation level (typically >
120 kV for a 13 kV grid). For the applications such as electrified
transportation, photovoltaic and wind inverters, battery energy
storage systems, and bidirectional drives, the SSTs do exhibit a
great potential.

Existing topologies to implement the SST can be classified as
single-/two-/three-stage converters. The single- and two-stage
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SSTs are typically configured using bidirectional ac switches to
perform direct ac/ac or ac/dc conversion with high-frequency
isolation. These topologies include isolated direct or indirect
matrix converter [2]–[4], flyback ac/ac converter [5], resonant
ac-link converter [6], [7], and the Dyna-C SST [8]–[10]. The
three-stage SST, that is configured with a rectifier, an inverter,
and a dual-active-bridge (DAB) dc/dc converter, is the most
straightforward approach to implement the SST and perhaps
offers the best performance and controllability [11]–[13]. How-
ever, all the existing SST topologies have one or more of the
following issues: large number of devices/components and con-
version stages, diode reverse recovery, transformer trapped leak-
age energy, and various hard-switching issues of high switching
loss, spikes, resonance, and electromagnetic interference (EMI)
[14]–[17].

Unlike existing SST topologies that typically have a complex
structure, the patent-pending soft-switching solid-state trans-
former (S4T) that was introduced in [18]–[20] achieves the
same level of SST functionalities with a simple and symmetri-
cal architecture, minimal device and component count in the
power flow path. Topologies for dc, single- and multiphase
ac are feasible by reconfiguring the device legs, acting as a
universal power converter. Scaling to medium voltage is also
achievable by series stacking the converter modules. More im-
portantly, the small rated auxiliary circuit of the S4T enables
zero-voltage switching (ZVS) soft-switching property. Unlike
the DAB converter, the S4T can achieve ZVS for all the main
devices from no-load to full-load conditions, and features con-
trolled dv/dt and di/dt rates. Different from typical resonant con-
verters, the S4T achieves soft-switching property with a fixed
switching frequency and maintains pulse-width modulation ca-
pability. Control of the S4T becomes much easier and reliable
by removing the dead-time and overlap states that are typically
required for voltage-source and current-source converters. Elim-
inating components such as electrolytic capacitors realizes high
power density and long life. Converter startup and shutdown
procedures are fast and soft, without causing any inrush or high
stress for the components. The high-frequency transformer of
the S4T temporarily stores energy in the form of dc flux. Ac-
tively controlling the dc current through the transformer avoids
saturation of the core. The relative low magnetizing inductance
helps achieve a compact transformer design. It also enables fast
dynamic response to load transients.

The S4T concept and operating principles have been de-
scribed in [18]. This paper will cover the detail design of the
S4T, which includes the design of the power converter stage,
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Fig. 1. Topology for the three-phase S4T.

Fig. 2. Operating states over one switching cycle: (a) state 1—charging the magnetizing inductance with the first line-to-line input voltage, (b) state 2—charging
the magnetizing inductance with the second line-to-line input voltage, (c) state 3—freewheeling, (d) state 4—discharging the magnetizing inductance with the
first line-to-line output voltage, (e) state 5—discharging the magnetizing inductance with the second line-to-line output voltage [(a)–(e) are the five active states],
(f) state 0—ZVS transition state, and (g) state 6—resonant state.

auxiliary resonant circuit, high-frequency transformer, and the
state machine of the controller. Proper startup and shutdown pro-
cedures will be proposed to avoid inrush. Experimental results
from a 208-V/10-kV·A S4T unit will be shown and discussed.

II. OPERATING PRINCIPLE OF THE S4T

Fig. 1 shows the topology of the S4T, which consists of
current-source inverter bridges on the input and the output sides,

a high-frequency transformer, terminal LC filters, and auxiliary
resonant circuits. The converter only requires 12 active devices
and two low-rated auxiliary devices to fulfill all the SST func-
tionalities. One switching cycle operation consists of two active
charging states in which the transformer magnetizing inductance
gets charged by the input as shown in Fig. 2(a) and (b), two ac-
tive discharging states in which the magnetizing inductance gets
discharged by the output as shown in Fig. 2(d) and (e), and one
freewheeling state as shown in Fig. 2(c). When transitioning
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Fig. 3. Conceptualized waveforms [states 1–5 corresponds to Fig. 2(a)–(e),
state 0 corresponds to Fig. 2(f), and state 6 corresponds to Fig. 2(g)].

from one active state to another, the auxiliary resonant circuit
provides ZVS conditions for all the main devices as shown in
Fig. 2(f). The auxiliary circuit is reset at the end of each switch-
ing cycle, setting up the conditions for soft-switching actions
of the next switching cycle. Detailed operating principle can
be found in [18]. Fig. 3 shows the conceptualized waveforms
of the transformer magnetizing inductance current, the resonant
capacitor voltage, the resonant inductor current, and the unfil-
tered three-phase input and output currents over one switching
cycle TS .

III. S4T POWER CONVERTER DESIGN

A 10-kV·A S4T unit was developed to prove the concept.
The input and output of the S4T were connected to the same
208 V three-phase power source and it was running to circulate
power between the input and the output. The corresponding
input/output current for the 10-kV·A S4T is thus 28 A, and
the switching frequency is set to be 15 kHz. This section will
present the detailed design of the S4T power stage, including
the semiconductor devices, filters, sensors, and the auxiliary
resonant circuit.

A. Semiconductors

The main devices of S4T are stressed at 2 p.u. current, the
optimum value to maintain the transformer magnetizing current.
However, since the duty cycle of each device is less than 0.5, the
devices do not suffer from a heavy thermal burden. Converter’s
conduction loss highly depends on the RMS current, not the peak
current. Therefore, the S4T’s conduction loss is not high even
though the peak current is 2 p.u. The semiconductors usually can
be stressed at a high current level when the duty cycle is small. In
addition, ZVS operation eliminates all switching losses, which
further reduces the thermal stress on the S4T devices. Since the
converter only has conduction loss, devices with low voltage
drop are preferred such that overall efficiency is high.

The devices of the S4T should be able to conduct current
in one direction but block voltage in both directions. This can
be implemented using a reverse blocking insulated-gate bipo-
lar transistor (RB-IGBT) or an IGBT/MOSEFT in series with a
diode. Compared to the discrete solution, RB-IGBTs can pro-
vide a more compact design and lower conduction loss. It was
reported in [21] that the overall voltage drop can be 25% less
for the RB-IGBTs. However, these devices exhibit poor switch-
ing characteristics due to the high reverse recovery at turn-off.
This in turn makes the RB-IGBTs to be effectively used in the
S4T since all the main devices are switched under ZVS con-
ditions. For the discrete solution, both silicon (Si) IGBTs and
silicon-carbide (SiC) MOSFETs can be used. When the S4T
is operated at full power level of 10 kV·A, the transformer
magnetizing current is maintained at over 80 A. Since the S4T
efficiency is dominated by conduction loss, Si IGBT is preferred
over SiC MOSFETs here due to the lower voltage drop at that
high current level.

B. Filters

Filters are needed at the input and output terminals to suppress
the switching harmonics. Filter capacitors provide energy filter-
ing on a switching cycle-to-cycle basis and ensure sinusoidal
voltages on the input and the output. Filter capacitors should be
large enough such that the voltage ripple is maintained within
a typical range of 5–10%. Also, the reactive power effect of
the capacitors should be considered when selecting the capac-
itance values. Different from the voltage-source converter, the
capacitive filters of S4T offer very low dv/dt, low EMI, and low
harmonic distortion across the unit terminals. Capacitor banks
consisting of multiple parallel-connected large- and small-film
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Fig. 4. LEM current sensor to measure the transformer magnetizing current.

capacitors are used for the design to achieve small parasitic
inductance. Large capacitors provide energy buffering for the
entire switching cycle. Small capacitors are placed close to the
devices, providing snubbering and low equivalent series induc-
tance (ESL) path for the device switching transients.

Filter inductors ensure sinusoidal current injection into the
input and the output. With filter capacitors being selected, the
filter inductors should be sized such that the switching harmon-
ics components are attenuated enough to meet the harmonics
standard. The S4T has a capacitive filter structure, for which
the filter inductor is connected with a shunt filter capacitor such
that it does not see the switching voltage ripples as the con-
ventional voltage-source converter. This leads to lower filter
inductor losses. However, for some types of load such as mo-
tors, filter inductors are not needed due to the inductive property
of these loads.

C. Sensors

Parameters needed to be sensed for the S4T include the
transformer magnetizing current, filter capacitor voltages of
the three-phase input and output, three-phase grid voltage, and
three-phase line current. LEM sensors are used to sense all the
voltages and currents, which give high-frequency resolution and
dc signal sensing capability. To sense the dc magnetizing cur-
rent, the positive terminals of both the primary winding and
the secondary winding of the transformer pass through a LEM
current sensor. The sum of the primary and secondary winding
currents always equals to the magnetizing current. The magne-
tizing current measurement scheme is shown in Fig. 4.

D. Auxiliary Resonant Circuit

The auxiliary resonant circuit shown in Fig. 5, consisting of
Cr , Lr , and Sr , is key to successful ZVS operation of the S4T
over its designed load range. It provides soft-switching condi-
tions for all the main devices. It is reset at each switching cycle
by starting a resonant operation of Lr and Cr . Cr determines
the dv/dt rate when the main devices are turned off, and thus
it governs the turn-off loss of devices. Lr and Cr determine
the length of the resonant period and the current stress of Sr .
The design of the auxiliary resonant circuit is guided by the
following objectives.

Fig. 5. Auxiliary resonant circuit of the S4T.

1) Cr should be selected such that device turn-off loss is
minimized to almost zero;

2) the peak value of iLr should be within the safe operation
area of the auxiliary device;

3) the RMS value of iLr should be minimized to reduce the
circulating power loss occurred in the resonant operation
period;

4) the resonating time period of Lr and Cr should be mini-
mized such that most of the switching time period is used
for transferring energy from the input to the output;

5) the peak voltage of vC r should be close to 1 p.u;
6) time duration of the ZVS transition should be long enough

to ensure that the incoming turn-on device is gated-on
within this transition state.

For objective 1, the dv/dt rate at the device turn-off transition
is controlled by Cr , which in turn determines the device turn-
off loss. Consider a converter rated at 208 V/10 kV·A, with a
switching frequency of 15 kHz and Lm of 200 μH. Simulation
results show that, in the steady-state operation at the full-load
level of 10 kV·A, the devices are always switched around the
three current levels of 70, 100, and 130 A. Fig. 6 shows the
device turn-off loss versus different Cr values for the device
of C2M0025120D at these three current levels. It can be seen
from Fig. 6 that the turn-off loss is close to zero when Cr is
larger than 0.1 μF. With 0.1 μF Cr , the corresponding dv/dt
at 130 A is 1.3 kV/μs. As a comparison, the dv/dt for the Si
IGBT NGTB50N120FL2WG is 6 kV/μs and for the SiC MOSFET

C2M0025120D is 28.5 kV/μs, as given by the datasheet [23],
[24].

The peak value and RMS value of the resonant current iLr ,
resonant time period Tr , and the peak value of vC r are all gov-
erned by the resonant state, which is governed by (1). The ex-
pressions of vC r and iLr are then given in (2). The peak current
of iLr is obtained by having diLr/dt equal to zero, as given
by (3). The resonant time period Tr shown in (4) is derived by
having iLr equal to zero. The RMS value of iLr is calculated
using (5). Finally, the peak value of vC r , given by (6), is ob-
tained by having dvC r/dt equal to zero. Fig. 7 shows the peak
value, RMS value of iLr , resonant period Tr , and the peak value
of vC r versus different Lr and Cr values

⎧
⎪⎪⎨

⎪⎪⎩

iLr + iC r = Im

vC r = Lr
diL r

dt

iC r = Cr
dvC r

dt

with the initial conditions of
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Fig. 6. Device turn-off loss versus Cr capacitance during the phase-leg transition at three turn-off current levels: (a) 70 A, (b) 100 A, and (c) 130 A.

Fig. 7. Peak value, RMS value of iL r , resonant period Tr , and peak value of vC r versus different Lr and Cr values.
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It can be seen from Fig. 7 that a larger Lr leads to a lower
peak and RMS value of iLr , but a longer resonant period Tr ,
and a higher peak value of VC r . Although a larger Cr also
leads to a higher peak and RMS value of iLr , as well as a
longer resonant period Tr , the peak value of VC r will become
smaller. In addition, the dv/dt rate, controlled by Cr , should
be low enough such that the devices can finish their switching
action on time at the desired transition, considering the latency
of the controller, the gate driver, and the device switching time.
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As a result, the parameters of Lr = 8 μH and Cr = 0.4 μF,
corresponding to the green star indicator shown in Fig. 7, are
selected for the 208-V/10-kV·A S4T.

IV. HIGH-FREQUENCY TRANSFORMER DESIGN

The high-frequency transformer of the S4T is a key element,
which acts as an isolated energy transferring link with a limit
amount of energy storage. The conceptualized waveform of
Fig. 3 shows that the transformer magnetizing current has a dc
offset value with high-frequency ac ripple on top of it. Therefore,
the magnetizing inductance should be designed to have a certain
value with dc current carrying capability. The transformer core
needs to have an air gap to store dc energy. The transformer for
the S4T should be designed with low core loss, low winding
loss, and relatively low leakage.

As the S4T transformer needs to store dc flux, the transformer
core design is driven by the core saturation limit. Appropriate
core should be designed such that the flux density approaches
the saturation level when magnetizing current reaches peak.
Nanocrystalline core shows the best potential since it has high
saturation flux density of 1.25 T and low core loss at high
frequency. For the 10-kV·A S4T unit, the transformer with the
magnetizing inductance of 200 μH and the current carrying
capability of 120 A is designed.

The dc-biased feature indicates that the core is only operated
in the first quadrant of the B–H curve while the third quadrant
region is not utilized. Considering this, permanent magnets can
be integrated with the magnetic materials to provide a prebiased
flux for the core, leading to a hybrid design. The flux generated
by the permanent magnets should be in a reverse direction to
the flux excited by the windings. As shown in (7), the resultant
equivalent flux density (Beq ) within the core will be the flux
density of the excitation from the winding (Bw ) minus the
flux density caused by permanent magnets (Bpm ). If the core
flux density is kept below the saturation level (Bsat), more
energy can be stored in the transformer, as shown in (8). In
this way, the usable B–H curve of the core can be extended to
the third quadrant, which helps reduce the amount of magnetic
materials needed. A simple design to achieve this is by putting
the permanent magnet inside the airgap. The permanent magnet
is placed in a direction such that it tries to cancel the flux
generated by the windings

Beq = Bw − Bpm ≤ Bsat (7)

Bw ≤ Bsat + Bpm . (8)

Appropriate permanent magnet has to be selected for the
hybrid high-frequency transformer. Besides the residual flux
density, the permanent magnets have another two important
parameters, the coercive force Hc and intrinsic coercive force
Hci . For proper operation, the magnetic field strength excited
by the windings and seen by the permanent magnet should be
kept on the right-hand side of Hc point, or at least the Hci

point. Violating this constraint will cause the demagnetization
of the permanent magnets. For the hybrid transformer design,
the consequence is that the permanent magnet flux will change
its direction. In this case, rather than cancelling the flux excited

TABLE I
CHARACTERISTICS OF VARIOUS PERMANENT MAGNETS

Materials Hc (kA/ m) Hci (kA/ m) Br (T) Tm ax (◦C)

NdFeB (39H) 979 1671 1.28 150
SmCo 732 796 1.05 300
Alnico 51 51 1.25 540
Ceramic 255 259 0.39 300
Flexible 109 110 0.16 100

Fig. 8. Proposed hybrid transformer design with two pieces of permanent
magnet placed on the side of the core around the air gap.

by the winding, the permanent magnet flux will be added onto
it and will further saturate the core. Coercive force Hc , intrin-
sic coercive force Hci , residual flux density Br , and maximum
operating temperature Tmax of various permanent magnets are
given in Table I [31]. The material NdFeB is selected for the hy-
brid design since it has the largest coercive force Hc and intrinsic
coercive force Hci values. Meanwhile, its residual flux density
is close to the saturation flux density of the nanocrystalline
material, indicating that it can fully bias the core. However,
analysis shown that the permanent magnet inside the airgap will
see a field strength of 1634 kA/m when the S4T is fully loaded
at 10 kV·A, which is larger than the Hci value of NdFeb and
indicates demagnetization of the permanent magnet.

To avoid demagnetization, the permanent magnet should be
placed out of the main flux path while providing dc flux bias
to the core. Some design methodologies have been proposed in
[25]–[28], but most of them involve a complicated core design.
The design proposed in this paper is shown in Fig. 8, in which
two pieces of permanent magnets are placed on the side of the
core around the air gap. With the winding current direction
shown in the figure, the direction of the flux generated by the
winding Φw is counterclockwise, shown as the blue dash line.
The permanent magnet on the top of the air gap is placed in
a way that its south pole is facing toward the magnetic core,
while the one below the air gap has its north pole facing toward
the core. In this way, the two permanent magnets create a flux
flowing path as shown in red dash line, which tends to cancel
the flux generated by the winding. The cross-sectional area of
the two permanent magnet should be the same as the core’s such
that enough biased flux is generated. For the selected core, the
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Fig. 9. Finite-element analysis simulation for the two transformers: (a) con-
ventional transformer design with magnetics only and (b) hybrid transformer
design with magnetics and permanent magnets.

required cross-sectional area of the permanent magnet should be
28 cm2. Such a permanent magnet has a magnetic force larger
than 100 lbs, which is very difficult and dangerous to work with.
For the final design, three pairs of IMNB1122 Neodymium bars
are used, each of which has a dimension of 3” × 0.5” × 0.13”.
Two pairs are placed on the outside of the core, and one pair is
placed inside the core window.

As the S4T unit will be connected to the same voltage source,
a 1:1 transformer turn ratio is needed. The windings of the trans-
former should be designed properly to maintain a low winding
loss. The dc winding loss only depends on the resistivity of the
conductor and typically has a low value. The ac winding loss,
resulting from the skin effect and the proximity effect, may be-
come significant as the frequency goes higher. One effective
way of minimizing the winding loss is to use litz wires, which
consist of many thin insulated wire strands. However, the litz-
wire-based approach adds a significant cost to the design. It also
leads to poor filling factor for the cores, and it may have higher
resistance for dc current. A cost-effective method is to use the
copper foil conductors with large conductor width, which is
used in this design. The selected copper foil has a width of
7.62 cm and a thickness of 22 mil, which makes it properly fill
in the core window and achieve low dc resistance when carry-
ing 120 A peak current. The primary and secondary windings
of the transformer have the same 12 turns, and they are fully
interleaved to achieve low leakage inductance.

Two high-frequency transformers designed with conventional
(without permanent magnets) and hybrid (with permanent mag-
nets) methodologies are evaluated through experimental re-
sults. Both transformers use the same nanocrystalline core of
SC2068M1. Since both transformers have the same size core, it
is expected that the hybrid transformer can store much more en-
ergy than the conventional transformer. Finite-element analysis
simulation is first performed for both the conventional trans-
former and the hybrid transformer using the same size of cores.
The simulation results are shown in Fig. 9. For both transform-
ers, the number of turns of the windings is 12, and the windings
are excited by 160 A current. As shown in the results, with the

Fig. 10. Fabricated hybrid transformer: (a) magnetic core and permanent
magnets and (b) final fabricated hybrid transformer.

same level of current excitation, the hybrid design has a much
lower flux density due to the permanent magnet’s flux cancelling
effect. For the fabricated hybrid transformer, Fig. 10(a) shows
the placement of the permanent magnets, and Fig. 10(b) shows
the final fabricated transformer with windings.

The two transformers are tested by injecting a current into
them. In the test, a dc voltage, whose duration is controlled by
a semiconductor device, is applied across one side of the trans-
former while keeping the other side open. Waveforms of the
voltage applied across the transformer and the current through it
for both transformers are shown in Fig. 11. For the conventional
transformer, saturation is clearly indicated by the exponentially
increasing current that occurs after reaching a certain level.
However, for the hybrid transformer, the current continuously
increases without any saturation. Fig. 12 shows the calculated
inductance versus current curves for these two transformers. As
shown, the conventional transformer magnetizing inductance
quickly drops once the current exceeds 170 A, indicating sat-
uration. However, for the hybrid transformer, the magnetizing
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Fig. 11. Experimental current and voltage waveforms of the two transformers’
tests: (a) waveforms for the conventional transformer and (b) waveforms for the
hybrid transformer.

inductance is still maintained at a higher value even when the
current reaches 270 A. It should be noted here that the trans-
former for the S4T is alike the flyback transformer, for which
the energy is stored in the magnetizing inductance. Therefore,
for this transformer, the current flowing through the transformer
winding represents the energy stored in the core.

Consider some inductance values from Fig. 12 for a compar-
ison. The conventional design has a magnetizing inductance of
170 μH at 166 A and 160 μH at 176 A while the hybrid trans-
former shows an inductance of 170 μH at 220 A and 160 μH
at 240 A. Therefore, with the same size of the magnetic core,
the hybrid transformer design can store 75% more energy com-
pared to the conventional design. In other words, to achieve the
same amount of energy storage, the hybrid transformer design
can reduce core materials by 63%.

V. STATE MACHINE TO CONTROL THE S4T

A charge-control-based modulator, which was initially pro-
posed to control a rectifier [22], is selected for controlling the
S4T, in which the duty cycle of each state as shown in Figs. 2 and
3 is determined by the actual charge delivered to the specific ter-
minal over each switching cycle. The closed-loop controller has
been presented in detail in the companion paper [29]. This pa-
per only covers the state machine that commands the converter

Fig. 12. Calculated magnetizing inductance versus current curves based on
the results of Fig 11: (a) conventional transformer and (b) hybrid transformer.

switching from one state to another. In the steady state, the
converter has two active charging states, two active discharging
states, one freewheeling state, and six ZVS transitioning states
over one switching cycle. Fig. 13 shows the state machine pro-
grammed in the field-programmable gate array (FPGA) for the
S4T.

Conditions for normally transitioning from one state to an-
other are described as below, which are also denoted as green
arrows in Fig. 13. For the transitions from active states (states
4, 5, 1, 2,) to the ZVS transition state (state 0), the condition is
that a required charge is delivered to specific terminals of the
input or the output (i.e., charge control modulation). For tran-
sitions from state 0 to other states, the condition is that state 0
lasts for a duration of Δt. Δt should be selected such that after
this amount of time duration, the resonant capacitor voltage is
still higher than the incoming line-to-line voltage, ensuring ZVS
turning-on of the incoming devices. Δt is set to be 100 ns for
the designed S4T converter, considering the dv/dt rate when the
S4T is running at full power level. For transitioning from the
resonant state (state 6) to the ZVS transition state (state 0), the
condition is that state 6 lasts for a duration of tr . tr should be
selected large enough such that the resonant operation between
Lr and Cr concludes and that the current through Lr reaches
zero. tr is selected to be 7.5 μs for the designed S4T converter,
considering the resonant period of the 0.4 μF Cr and the 8 μH
Lr . The condition for transitioning from the freewheeling state
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Fig. 13. State machine programmed in the FPGA to control the S4T.

(state 3 which is the last state for the entire switching cycle) to
state 0 is the start of a new switching cycle.

All the above conditions are for the normal transitions from
one state to another. However, for some cases, these transitioning
conditions may not be satisfied. For example, the transformer
magnetizing current may be too low such that it takes a very long
time duration to deliver the required charge. Then, the converter
will be staying at an active state for long time just because the
transition condition is not met. As a result, the converter will not
be able to cycle through all these states before the ending of the
entire switching cycle. When a new cycle starts, the converter
directly switches from the current state to state 0 and then to
state 4. Taking a specific example, the converter stays at state
5 until the end of the switching cycle, because it cannot deliver
the required charge to the second output phase pair. When a new
switching cycle starts, the converter is forced to enter state 0 and
then state 4. In this case, the resonant capacitor voltage directly
jumps from a lower voltage level to a higher one, causing inrush
current. To avoid this, alternative transitioning conditions are
programmed, shown as red arrows in Fig. 13. In these alternative
conditions, a “watch dog” timer initiates alternative action. The
timer starts at the beginning of each switching cycle, and it is
reset at the end of each cycle. If the “watch dog” finds that
the converter stays within one state for a too long time, it will
force the converter to enter the next state, regardless whether
the normal transitioning conditions have been satisfied or not.
The “watch dog” is programmed to make sure that the converter
cycles through all the states, under both normal and abnormal
conditions. The minimum time duration for each active state is
tmin , which is set to be 1 μs in the program.

VI. S4T STARTUP AND SHUTDOWN

The S4T does not have large dc energy storage capacitors, as
for conventional voltage-source converters. As a result, during
the converter startup and shutdown, it does not need to have an
external startup circuit with large resistors and relays to suppress
inrush current. However, the S4T still has small resonant capac-
itors connected in shunt with the high-frequency transformer.

Fig. 14. Charging the resonant capacitors during startup: (a) input line-to-line
voltage Vabi and (b) turn-on Siap and Sibn when Vabi is negative.

Although they have a very small capacitance value, hard startup
and shutdown with a large line voltage directly applied across
them still generate inrush current. The peak of the inrush current
depends on the capacitance value and the parasitic inductance
of the current loop that is typically very small. Hard startup and
shutdown with Si devices may be acceptable since these de-
vices can typically withstand much higher short-circuit current,
but it may be problematic for SiC devices as their short-circuit
current withstanding capability is low. Therefore, proper startup
and shutdown procedures are needed to avoid inrush.

A. Startup

At startup, the resonant capacitor voltage should be charged
without any inrush current. This can be achieved by turning on
the devices whose corresponding input line-to-line voltage is
negative. As shown in Fig. 14, devices Siap and Sibn are turned
on when Vabi is negative. Devices do not conduct since they are
reverse blocked. When the voltage Vabi crosses zero, Siap and
Sibn start to conduct, and the capacitor voltage will be the same
as Vabi . However, the resonant capacitors cannot be charged to
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Fig. 15. Conceptualized startup waveforms of input line-to-line voltage Vabi ,
the magnetizing current Im , and the resonant capacitor voltage VC r of the first
switching cycle after the startup.

its peak voltage by Vabi only. Assuming a 180 μH transformer
magnetizing inductance, the corresponding impedance at line
frequency is only 0.068 Ω. As a result, when the line voltage
reaches its peak to fully charge the resonant capacitors, the
transformer magnetizing current already reaches several thou-
sand amperes, which is definitely not desired.

The proper way of charging resonant capacitors is by using the
energy of the transformer magnetizing inductance. When Vabi

crosses zero, Siap and Sibn start to conduct, and the transformer
magnetizing inductance is charged by Vabi . The magnetizing
current Im will quickly increase due to the low impedance of
the transformer magnetizing inductance. As soon as Im reaches
a certain level, Siap and Sibn are turned off, and Im charges
the resonant capacitors to decrease their voltage VC r toward a
negative value. Since resonant capacitors are quite small, Im can
charge it to a very large negative value. Then, the cycle-by-cycle
operation can start in a way similar to the steady-state operation.
The conceptualized startup waveforms are shown in Fig. 15 as
the input line-to-line voltage Vabi , the magnetizing current Im ,
and the resonant capacitor voltage VC r of the first switching
cycle after the startup. It should be noted that, even during the
startup procedure, all devices are switched under soft-switching
conditions.

Fig. 16 shows the experimental results during startup. The
external push button to start up the converter is triggered at an
arbitrary instant. However, since the input line-to-line voltage of
Vabi (green curve in Fig. 16) is positive at this moment, devices
are not turned on. Once Vabi reaches a negative value, Siap and
Sibn are turned on but they do not conduct. When Vabi crosses
zero in a positive direction, Siap and Sibn are forward biased,
and Im quickly builds up. Once Im reaches a certain level, the
normal cycle-by-cycle operation starts. Zoomed-in waveforms
of the magnetizing current and two resonant capacitor voltages
are shown in Fig. 16(b).

It should be noted that the startup sequence can be initiated
with any phase pair, e.g., phase b and phase c, or phase c and
phase a, by turning on the devices corresponding to these phase
legs. The startup sequence remains the same as introduced be-
fore for these cases.

Fig. 16. Startup experimental waveforms of: (a) input line-to-line voltage
(CH2, 500 V/div), magnetizing current (CH4, 20 A/div), and resonant capacitor
voltage (CH3, 300 V/div) and (b) zoomed-in waveforms of the magnetizing cur-
rent (CH4, 20 A/div) and two resonant capacitor voltages Vcr 1 (CH1, 300 V/div)
and Vcr 2 (CH3, 300 V/div).

B. Shutdown

Converter shutdown is accomplished by turning on devices
in the same leg. The magnetizing current then circulates within
that leg and starts to decrease toward zero due to the voltage drop
across the devices. The shutdown operation can be performed by
any of the device legs of the input and output bridges. However,
only one device leg of the input or output bridge can be turned on
(or simultaneously turn on one device leg of both the input and
output bridges). Otherwise, the bridge will formulate a current
flowing path from the input/output terminal to the transformer
if two or more legs are turned on simultaneously, which will
either develop a huge transformer magnetizing current due to
the low impedance of the transformer magnetizing inductance,
or deliver a large dc current to the passive load. Fig. 17 shows
that the converter is shut down by turning on devices Sicp and
Sicn .

However, converter shutdown cannot be performed at an ar-
bitrary instant. Turning on devices within the same leg when the
resonant capacitors have a negative voltage will develop inrush
current through devices. Therefore, the shutdown can only be
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Fig. 17. Converter shutdown by turning on devices Sicp and Sicn .

Fig. 18. Allowed shutdown region with respect to the resonant capacitor
voltage.

Fig. 19. Shutdown experimental waveforms of: magnetizing current (CH4,
20 A/div) and two resonant capacitor voltages Vcr 1 (CH1, 300 V/div) and Vcr 2
(CH3, 300 V/div).

activated when the capacitor voltage is positive. The allowed
shutdown region with respect to the resonant capacitor voltage
VC r is shown in Fig. 18. If VC r is positive, shutdown can be
immediately started by turning on devices within the same leg.
Since VC r is positive, the devices are reverse blocked, and no
current flows through them. Magnetizing current Im then dis-
charges the capacitor, having VC r decreases. Once VC r drops
to zero, devices conduct, and Im circulates through the device
leg and starts dropping toward zero. However, if a shutdown
command is happened to be applied when VC r is negative, the
converter will continue its normal operation until VC r becomes
positive, and then it will start the shutdown sequence. It should
be noted that during the shutdown procedure, devices are also
operated under soft-switching conditions.

Fig. 19 shows the experimental results during the converter
shutdown. The external push button to shut down the converter
is triggered at an arbitrary instant. However, since the capacitor

TABLE II
PARAMETERS OF THE 10-KV·A S4T UNIT

Power Input/output Switching Magnetizing
rating voltage/current frequency inductance

10 kV·A 208 V/28 A 15 kHz 200 μH
Filter capacitor Filter inductor Resonant capacitor Resonant inductor
60 μF 150 μH 0.4 μF 8 μH

Fig. 20. Experimental waveforms of transformer magnetizing current (CH4,
30 A/div), line current (CH3, 50 A/div), and resonant capacitor voltage (CH1,
300 V/div).

voltage VC r is negative at this moment, the shutdown sequence
is not initiated. The converter continues its normal operation
until VC r becomes positive. Then, the devices are turned on, but
they are reverse blocked. VC r quickly drops to zero due to the
discharging effect of Im . Devices are forward biased as soon as
VC r drops to zero. Then, Im circulates through these devices
and starts decreasing toward zero.

VII. 10-KV·A S4T EXPERIMENTAL RESULTS

Based on the previous design optimization, the detailed pa-
rameters of the 10-kV·A S4T is listed in Table II. Description
of the 10-kV·A S4T setup has been covered in the companion
paper [29]. Two tests are carried out to demonstrate the 10-kV·A
S4T unit operation. First, the input and output of the S4T are
connected to the same power supply to circulate power. Then, it
is tested with three-phase resistive loads connected on the out-
put side. For the power circulating test, the S4T unit is operated
at 208 V and injects a line current of 25.7 A, corresponding to
a power level of 9.3 kV·A. The transformer magnetizing cur-
rent reaches a steady-state level of 93 A, with a peak current
of 117 A. Fig. 20 shows the experimental waveforms of the
transformer magnetizing current, line current, and resonant ca-
pacitor voltage. The zoomed-in cycle-to-cycle waveforms for
magnetizing current, resonant capacitor voltage, and resonant
inductor current are shown in Fig. 21, which closely match the
conceptualized waveforms. Fig. 22 shows the waveforms of one
ZVS switching transient. It can be seen that before the device is
turned on, the voltage across it already drops to zero, indicating
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Fig. 21. Zoomed-in cycle-to-cycle waveforms for magnetizing current (CH4,
30 A/div), resonant capacitor voltage (CH1, 300 V/div), and resonant inductor
current (CH2, 100 A/div).

Fig. 22. One ZVS switching transient waveforms of resonant capacitor voltage
(CH1, 500 V/div), device voltage (CH2, 500 V/div), and device gate voltage
(CH3, 20 V/div).

zero turning-on loss. When the device is turned off, the voltage
across it increases with a significantly reduced dv/dt rate, indi-
cating a reduced turning-off loss. The S4T is tested with power
flow in both directions. Fig. 23(a) and (b) shows the waveforms
of the forward and reverse power flow, respectively.

The S4T unit is then tested with a three-phase resistive load
connected to the three-phase output on the secondary side. Three
resistors are connected in delta and each one has a resistance
of 22.6 Ω. Fig. 24 shows the experimental waveforms of the
transformer magnetizing current and the current through the
resistive loads. As shown in the figure, purely sinusoidal currents
are injected to the load, in spite of the high-frequency ripples
on the transformer magnetizing current.

The S4T is capable to inject leading/lagging reactive power on
both the input/output sides. Also, it works well under unbalanced
conditions as well as voltage swing and sag conditions without
disturbing the loads. These results have been included in the
companion paper [29].

The S4T exhibits fast dynamic response to load transients,
mainly because of the light inertia of the system (relatively small
magnetizing inductance and thus low intermediate energy stored

Fig. 23. Experimental waveforms of transformer magnetizing current (CH4,
50 A/div), line-to-line voltage (CH2, 300 V/div), and line current (CH3,
50 A/div) for two power flow directions: (a) forward power flow and (b) re-
verse power flow.

Fig. 24. Experimental waveforms of resistive loads test: transformer mag-
netizing current (CH4, 20 A/div) and current through the resistive load (CH3,
20 A/div).

in the transformer) along with proper control. Small magnetizing
inductance indicates that the magnetizing current can be quickly
built up and driven down through proper volt-sec control. Also,
the controller for the S4T has a feedforward loop that ensures fast
dynamic response to load changes, which has been discussed
in detail in the companion paper [29]. The S4T performance
under load transient is also tested. Both load step-up and step-
down transient operations are demonstrated. Fig. 25 shows the



5736 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 7, JULY 2018

Fig. 25. Transient performance under load step-down change: (a) transformer
magnetizing current (CH4, 10 A/div) and load current (CH3, 10 A/div) and (b)
zoomed-in waveforms of the transformer magnetizing current (CH4, 10 A/div).

experimental results when the load current peak value decreases
from 8 to 5 A. The transformer magnetizing current quickly
changes from 30 to 20 A to accommodate the load step-down
change. As shown in the zoomed-in waveforms of Fig. 25(b),
the transformer magnetizing current is driven down to the new
reference within three switching cycles, which shows a very fast
dynamic response. This allows almost instantaneous response
to the change of the fundamental frequency load. Being able
to operate a 20 A dc current instead of 30 A under light-load
conditions can reduce losses by over 33%. Fig. 26 shows the
experimental results when the load current peak value increases
from 5 to 8 A. The transformer magnetizing current quickly
increases from 20 to 30 A to accommodate the load step-up
change. As shown in the zoomed-in waveforms of Fig. 26(b), the
transformer magnetizing current is built up to the new reference
within three switching cycles.

Fig. 27 shows the loss measurement results at different dc
currents and line voltages. Lower dc current corresponds to
lower load. The transformer loss is estimated to be 74 W at
full power and the remaining is mainly the conduction loss
of the semiconductors. From this curve, the S4T unit shows
an efficiency of ∼89% for 40% load at 200 V. It can be seen

Fig. 26. Transient performance under load step-up change: (a) transformer
magnetizing current (CH4, 10 A/div) and load current (CH3, 10 A/div) and (b)
zoomed-in waveforms of the transformer magnetizing current (CH4, 10 A/div).

Fig. 27. Measured converter loss with different dc currents and line voltages.

from Fig. 27 that the converter loss increases with current as
expected, but is almost independent of voltage levels. This
clearly shows that ZVS condition is created for all devices and
proves the soft-switching feature of the S4T. It is predicted
that the converter can achieve significantly higher efficiency at
higher voltage and higher power levels. Simulation results show
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Fig. 28. Estimated efficiency curve of a 480 V/ 50 kV·A S4T across the entire
load range.

that a 480 V/50 kV·A unit with the 1200 V/400 A IGBTs can
have an efficiency higher than 97%. Fig. 28 shows the estimated
efficiency curve of a 480 V/50 kV·A S4T when operating from
10% load to full load. Different from typical voltage-source
converters, the efficiency of the S4T does not drop at light load.
This is because that the S4T can dynamically change the dc
current with respect to load levels. When the load drops to a low
level, the dc current decreases accordingly, which ensures that
the overall efficiency will not be impacted.

The S4T has lots of interesting features that improve the con-
verter’s reliability and robustness. Different from conventional
voltage-source converters, the S4T does not have large dc ca-
pacitors, which typically have poor reliability and can generate
inrush current at startup, shutdown, and fault transients. The
S4T has inherent current limiting capability and it never causes
short-circuit fault. This eliminates the use of desaturation for
the gate drivers. Besides that, the S4T is also more robust than
conventional current-source converters. Interrupting current
flow path in a current-source converter leads to voltage spikes
with high dv/dt. However, the resonant capacitor of the S4T sig-
nificantly reduces the dv/dt rate when main devices are opened
under fault. Protecting devices from overvoltage fault can be eas-
ily achieved by using Metal-oxide varistor (MOVs). All these
ensure high reliability and robustness of the S4T. Comparison
between the S4T and conventional DAB-based multistage SST
has been given in the companion paper [29]. Scaling to medium
voltage and high power can be achieved by stacking S4T mod-
ules, which has been discussed in [29] and [30].

VIII. CONCLUSION

This paper presented the detailed design of a three-phase S4T
based on a patent-pending topology. The S4T realizes all the
SST functionalities with minimal device and component count
in the power flow path, and achieves a full range of soft switch-
ing for all the main devices. The reduced di/dt and dv/dt rates due
to the soft switching address all the associated parasitic issues
such as current and voltage spikes, resonance, noise, and EMI.
Detailed design considerations for the converter power stage,
auxiliary resonant circuit, and control are covered in this paper.
The high-frequency transformer, transferring energy from input

to output through the magnetic flux that is temporarily stored
in the core, has a unique feature of dc-biased flux. A hybrid
high-frequency transformer design methodology proposed in
this paper enhances the core utilization by incorporating perma-
nent magnets. The S4T can be started up and shut down through
proper procedures without causing any inrush, and the device
soft-switching feature is maintained through these procedures.
The 10-kV·A S4T unit demonstrates the converter operation in
steady state and under load transients. Both forward and re-
verse power flow operations are achieved. The S4T exhibits
fast response under load transients. It can dynamically change
the transformer magnetizing current according to load levels,
without causing any disturbance to the load demand.

The S4T holds the promise of high efficiency with a sim-
ple circuit structure. It can find a wide range of applications
such as dc energy storage interface, uninterrupted power supply
systems, electrified transportation, space and weight critical ap-
plications, smart distribution systems, flexible ac transmission
systems, and high-voltage direct current systems.
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