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ABSTRACT In a medium voltage (MV) solid state transformer(SST), the isolated bidirectional DC/DC
converter (IBDC) is the core circuit for controlling power flow and galvanic isolation. Current research
works on MV single-cell IBDC mainly focus on two directions: resonant and non-resonant topologies.
However, for different scenarios with various voltage regulation ranges and power ranges, which topology
should be adopted to achieve better efficiency performance is unclear. To effectively illustrate the two
IBDCs’ respective benefits, a comparison between the two IBDCs is conducted in this study along with the
optimization design method. For resonant IBDC, a complex objective optimization-based parameter design
strategy is developed to realize rapid automatic design under various operating conditions. For non-resonant
IBDC, a multi-phase modulation scheme aimed at minimizing the current stress under different voltage and
power ranges is introduced. The optimal operating range of the two IBDCs has been derived. A 4 kV/I1
kV 200 kW non-resonant IBDC experimental prototype has been built and its efficiency is tested under
various operating conditions. The test data were compared with the established power loss model to derive
the converter’s full range efficiency, and the efficiency of the converter over a wider power range could then
be projected.

INDEX TERMS DC/DC converters, dual active bridge (DAB), resonant converters, design methodology,
medium voltage (MV), solid state transformer (SST).
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I. INTRODUCTION

A large number of new energy power generation equipment
and new power consumption equipment connected to the
power grid make it difficult for the traditional AC system
to maintain the economic operation range and guarantee the
stability of the power grid operation. Therefore, the AC/DC
hybrid system that can meet these requirements has become
the future construction direction [1]. Many AC/DC hybrid
system demonstration projects have been carried out succes-
sively, such as the IGREENGrid project [2] and the IDE4L
project [3] of the EU, the CLASS project [4] of the U.K. and
the FICS project [5] of the US.

In AC/DC hybrid system, solid state transformer (SST) is
the core equipment, also known as power electronic trans-
former (PET), which generally refers to the novel power
electronic equipment using power electronic technology and
medium and high frequency transformer technology. Specif-
ically, SST is widely used in various energy conversion
applications such as data center power supply, traction system,
energy network interconnection, electric vehicle charging,
and so forth [6], [7], [8]. High transmission power, high
power density, and high efficiency are typically required for
these applications. The isolated bidirectional DC/DC con-
verter (IBDC) is the power electronic interface between a
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FIGURE 1. The structure of the evaluated IBDC.
medium voltage (MV) bus and a low voltage (LV) bus and L n:l

acts as the most crucial part of the SST, which undertakes
many functions such as galvanic isolation, power control and
voltage gain regulation. The loss of IBDC accounts for a large
proportion of the overall loss of SST [9] and the IBDC with
single-cell structure has an advantage in efficiency due to its
simple structure and less number of components.

The rapid development of MV power devices makes the
single-cell structure of IBDC possible. A few prototypes have
been created currently. A 6 kV 10 kW IBDC based on 15
kV SiC MOSFET has been developed and its peak efficiency
exceeds 98% [10]. Besides, A 7 kV 25 kW IBDC based on
10 kV SiC MOSFET has been realized which achieves an
unprecedented power density of 3.28 kW/L [11]. However, it
could be predicted that there will not be commercial or widely
available MV power devices in the next five years, and there
is an urgent need for a solution that could replace MV power
devices.

For the reasons listed above, the equivalent construction
of MV power devices by connecting LV power devices in
series and its applications in IBDC have attracted much at-
tention. In two series-connected device examples with 10
kV/10 A SiC MOSFET and 15 kV/20 A SiC IGBT on the
HV side, [12] evaluates a 16 kV/1 MW DC-DC building
block. Besides, a design example of the 99% efficient 5 kV
30 kW experimental prototype is presented which combines
the soft switching characteristics of the converter and series-
connected devices’ voltage sharing properties [13]. The IBDC
to be designed in this paper will be based on the power
electronics building block (PEBB) set up in [14], and its
voltage balancing is mainly realized by applying RC snubber
circuit and controlling the gate drive delay. After sufficient
design and experimental verification, the maximum voltage
imbalance could be limited under 10% of the average voltage
on each device with 150A switching current. The structure
of the evaluated IBDC is shown in Fig. 1. In this structure,
a symmetrical half bridge composed of series-connected SiC
MOSFETs is set on the MV side, a full bridge composed of
parallel-connected SiC MOSFETs is arranged on the LV side,
and both sides are connected by isolated tank.

According to the configuration of the isolated tank and the
modulation method, the IBDC can be roughly classified into
two types: isolated bidirectional resonant DC/DC converter
(IBRDC) and isolated bidirectional non-resonant DC/DC con-
verter (IBNDC) [15], as shown in Fig. 2. In general, IBRDC’s
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FIGURE 2. Different types of isolated tank. (a) Isolated tank in IBRDC. (a)
Isolated tank in IBNDC.

voltage regulation range is relatively narrow, but it can realize
a full range of soft switching. In most cases, IBRDC adjusts
the voltage gain by frequency modulation. On the contrary, the
voltage regulation range of IBNDC is relatively wide, while
the soft switching state is limited by certain conditions. IB-
NDC typically modifies the voltage gain by combining pulse
width modulation and phase shift modulation. The above
experience-based knowledge can provide guidance for topol-
ogy selection of IBDC in many occasions, but there is still a
problem that the quantitative boundary of these two IBDCs
optimal application scenarios is not clear. To address this
issue, this study compares the two converters’ best operating
ranges based on optimal parameter design and specify the
converter construction strategy.

The analysis of the IBRDC involves the selection of multi-
ple resonant components. To further clarify the relationships
among the resonant components, several parameters are used
[16], [17], [18], [19]. Because of their interdependence, these
factors cannot be developed separately. Every parameter may
need to be modified in response to changes in other param-
eters. In the design optimization of IBRDC, particle swarm
optimization is used to design parameters with high system
stability and 50% duty cycle open-loop control [20]. However,
the design process is not intuitive enough to make the devel-
opment process very complicated. From another perspective,
an accurate description of the gain characteristics and res-
onant behaviors by analyzing operation mode are provided,
and then an optimal design methodology have been proposed
[21]. While in [22], the IBRDC is designed by adopting the
statistical design of the experiment based on asymmetric pa-
rameters methodology. However, they still rely on trial and
error for the design process. The labor-intensive method can-
not be employed for quantitative analysis, necessitating the
development of an autonomous optimization procedure. In
addition, because some algorithms oversimplify the resonant
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TABLE 1. Design Targets of the Evaluated IBDC

Target Value
Rated Power P, 200 kW

Rated Medium DC Voltage Vivpcrar 4kV

Rated Low DC Voltage Viypcrar 1kV

Snubber Capacitor on MV Side C; 4.7 nF

Snubber Resistor on MV Side R, 5Q

Power Device on MV Side BSM180D12P2E002 (8-Series)
Power Device on LV Side BSM250D17P2E004 (2-Parallel)
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FIGURE 3. Equivalent process of the two main types of resonant tank in
IBRDC. (a) CLLLC type resonant tank. (b) Equivalent process of the
secondary side resonant inductance. (c) Equivalent process from T-type
network to I'-type network. (d) CLLC type resonant tank.

parameters, the types of resonant parameters considered still
need to be further supplemented.

Design targets of the evaluated IBDC are shown in Table 1.
The rest of the paper is organized as follows. Section II
proposes the automatic parameter optimization strategy of
IBRDC. The modulation scheme and parameter design are
described in Section III. The efficiency analysis and compar-
ison of these two IBDCs are illustrated in Section IV. The
construction of the prototype and experimental verification
are presented in Section V. Finally, Section VI concludes this
article.

Il. PARAMETER OPTIMIZATION STRATEGY OF IBRDC

A. DEFINITIONS AND ASSUMPTIONS

There are two main types of the resonant tank in the high-
power application scenarios: CLLLC type and CLLC type.
However, these two types of resonant tank are essentially
the same [23], and can be equivalent in terms of parameters
through the process shown in Fig. 3. The parameter relation-
ship of the equivalent process is shown in (1). Therefore, the
following design work is based on the CLLLC type.

nerre = (0L + L) /L
Ly = L3,/(n*Ly> + L)
Lr :Lrl +Lm _LM

(1

In the designed IBRDC, the forward state is defined as a
state in which energy is transmitted from the primary side
to the secondary side in a single switching period, while the
reverse state is the opposite. Additionally, Pulse Frequency
Modulation (PFM) is adopted for the source side bridge arm
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FIGURE 4. Main waveforms of IBRDC with PFM. (@) vyypc<2n.viypc in
forward state. (b) Vmvpc <2N.Viype in reverse state. (C) Vmvpc=2N.Viypc in
forward state. (d) vyvpc>2n.viypc in reverse state.

and uncontrolled rectification is adopted for the load side
bridge arm. Main waveforms of IBRDC with PFM are shown
in Fig. 4. As shown in the figure, the switching frequency
of the active bridges on the source side should decrease
with the increase of gain. When IBRDC operates in the for-
ward state with vy ypc<2n.vrypc or in the reverse state with
vmvpc=2n.vrype, the active bridges on the source side could
achieve zero voltage switching (ZVS) and the rectifier bridges
on the load side would operate in zero current switching
(ZCS) mode. While in other states, the active bridges could
still achieve ZVS, but the ZCS mode of the rectifier bridges
on the load side would be lost.

There are multiple resonant elements in the resonant tank,
these resonant elements are coupled with each other, which
is not conducive to parameter design. The definition of these
two resonant frequencies and the ratios between the resonant
elements are shown in (2).

8= C/rZ/Crl
h= L/rZ/Lrl
w) = 1/VLnCr
wy = 1//LaCpy

2
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Therefore, it is necessary to unify two resonant frequencies
into one resonant frequency with g-h=1 [24]. As a result,
the resonant parameter relationship in this case is defined as
shown in

8= C/rZ/Crl = Lrl/L/rZ
k = Lm/Lrl . (3)
Qfor = VLrl/Crl/Rfor

where Ry, denotes the equivalent AC load resistance of the
forward state, and Qy,, is the equivalent MV side quality factor
of the series resonant circuit formed by L,1, C;1 and Ry, in
forward state.

B. OPTIMIZATION TARGET AND CONSTRAINTS

The automatic parameter design process is developed based
on optimization target and constraints. The resonant current
should be kept to a minimum in order to minimize the ohmic
losses of the resonant tank as well as the switching and
conduction losses of power devices. Thus, it is important to
increase the input impedance. The input impedance might be
maximized by increasing the magnetic inductance as much as
feasible because the total reactance of the series resonant tank
is zero at the resonant frequency. So the optimization target is
to maximize the product of k and Qy,,, as shown in

1

|Zinfor} = —Rfor-
J T ren

The constraints of the IBRDC design can be divided into
five categories: maximum gain, derivative of gain, inductive
input impedance, switching current and maximum capacitor
voltage. The reasons and formulas for setting various con-
straints have been given specifically in [24].

“)

C. AUTOMATIC PARAMETER DESIGN

Based on the optimization target and constraints described
above, an automatic design process for resonant parameters
applicable to the IBRDC is developed, as shown in Fig. 5.
First, three parameters k, g, and Qy,, are defined according to
the external requirements of the designed converter. With the
target of maximizing the product of k and Qp,, parameters
are constrained to be calculated in terms of maximum gain,
derivative of gain, inductive input impedance, switching cur-
rent, and maximum capacitor voltage. Then, n groups of initial
arrays are specified to avoid the optimization result from
falling into the local optimal solution. These initial arrays
are solved using the Ipopt local optimization solver and the
Pyomo nonlinear programming tool, and the resulting opti-
mized parameter arrays are verified on the PLECS simulation
platform. The optimized resonant parameters are output if the
loss obtained from the simulation is less than 1% change from
the previous one.

D. PARAMETER OPTIMIZATION RESULTS ANALYSIS
The regulation range of DC bus voltage will have a great im-
pact on the IBRDC’s parameters, and then affect the efficiency
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1: Maximum gain

2: Derivative of gain
3: Inductive input impedence
4: Switching current

5: Maximum capacitor voltage
I
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operate the Pyomo nonlinear programming tool ”pyomo
and the Ipopt local optimization solver & @ python
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FIGURE 5. Automatic parameter design process.

of the converter. In order to indicate the regulation range of
DC bus voltage, two parameters are defined, as shown in

amv = (Vv pcmax — Vv pcmin) /Vuv pcrar )
ary = Vivocmax — Vivocmin) /Vivocrar

The optimization results are displayed in Fig. 6, where the
red and purple dots represent the curves’ terminal points and
the red and purple stars represent the curves’ diverging points.
It can be summarized in the following aspects.

1) k declines, but Oy, and g rise with apsy when the reso-

nant capacitor voltage constraint is not considered.

2) With the limitation of capacitor voltage Vcrimax=
0.5Vyuvocmin and Veramax= Vivpcmin, the trend of res-
onant parameters changes. When «,y is less than the
value indicated by the red star, the changes in the
resonant parameters are identical to those when the ca-
pacitor voltage restriction is ignored, as demonstrated
in Fig. 6(a)~(c). The falling rate of k becomes slow
when sy exceeds the value associated with the red star,
while Oy, and g no longer increase but instead steadily
decline.

3) As apy is adjusted, the changes of k and Qy,, are the
same as those of « sy, but the trend in g is altered. As
apy increases, g decreases. When the capacitor voltage
limit is applied, g would turn up at the purple and red
stars and would end at the purple and red dots.

In conclusion, it can be seen that the voltage regulation
range and the maximum voltage limitation of the resonant
capacitor have a significant impact on the trend of resonant
parameters. Specifically, when the voltage regulation range is
rather wide, the resonant capacitor voltage limitation would
affect the resonant parameters. This influence will cause the
optimization target, or the product of k and Qy,,, to fall. This
would further increase the resonant current. This section also
provides a reference for the engineering design of the IBRDC
by describing the trend of each resonant parameter.
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FIGURE 6. Variation of optimized resonant parameters with voltage regulation range. (a) The influence of oy on k. (b) The influence of ayy on Qror. (c)
The influence of ayy on g. (d) The influence of o,y on k. (e) The influence of o,y on Q. (f) The influence of o,y on g.

1ll. MODULATION AND PARAMETER DESIGN OF IBNDC
The isolated tank of the IBNDC is composed of an auxiliary
inductor and a transformer, wherein the value of the auxiliary
inductor could be expressed as

Vv pCmin VLV DCmin
4 fY Pmt

® Ntotal

L, =

(§0Cmax(1 - (pCmax))~ (6)

If @ cmax 18 set to 1/2, it corresponds to the upper limit of the
transmission power. However, the linear relationship between
¢c and transmission power is weak and the effective value
of the isolated tank current would be large in this case. So
it is not conducive to improving the efficiency. On the other
hand, ¢ cimax cannot be too small, which requires high control
accuracy. After comprehensive consideration, @y =1/4 is
set in this paper.

In the modulation aspect, the duty ratio of the half bridge
drive on the MV side is fixed to 0.5, and the phase shift
between the arms of the full bridge drive on the low-voltage
side is controlled to minimize the circulating power in the
converter. Therefore, according to the waveform relationship
of the primary and secondary side voltage of the transformer,
the modes of the converter are divided into four types, as
shown in Fig. 7(a). In the figure, ¢ is defined as the phase
shift angle duty ratio of the rising edge of the positive level
between the primary and secondary side voltages, and ¢y is
the duty ratio of the non-zero level of the secondary side
AC voltage. After each mode’s isolated tank current has been
examined, the mode with the lowest peak value of isolated
tank current under the same transmission power is chosen to
run. Fig. 7(b) shows the mode selection strategy, where M =
2nVivpc!/Vmyvpce and p is the normalized transmission power
which could be expressed as p = P/P,,4x. Bo mode and Dy
mode are special cases of B mode and D mode when ¢; =
0.5. The expressions of control variables under each mode

18
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FIGURE 7. Modes of IBNDC. (a) Modes definition. (b) Mode selection
strategy according to M and p.

TABLE 2. Control Variable Expression in Each Mode

Mode Q1 @c
1 1

A Z(1+./172‘p‘) Z(1417\,17\)
11 1-p 1 >

B —+=(1-M),|—E— | —(2-2 71/4 —4p? —
REL ),/2_2M+M2 1 G20 4o —49 - p)
11 1+p 1 >

D —+—(1-M)|—— —(2¢, ++|4p, —4@; +
REL )«/272M+M2 12 40, ~49] + p)

are shown in Table 2. Main waveforms of IBNDC with the
multi-phase-shift modulation scheme are shown in Fig. 8. In
the figure, five different modes are presented respectively.
Theoretically, the auxiliary inductor has a great influence
on the magnitude of the current flowing on it. If the voltage
regulation range is wide, that is, Vyvpcmin and Viypcmin are
relatively low, the auxiliary inductor would be small. In or-
der to quantitatively analyze the prediction, the primary and
secondary sides should select different voltage regulation

VOLUME 4, 2023
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FIGURE 8. Main waveforms of IBNDC with multi-phase-shift modulation
scheme. (a) Mode A. (b) Mode B. (c) Mode D. (d) Mode B,. () Mode Do.

ranges for comparison. In the voltage regulation range com-
pared, different voltage ratios on both sides are selected for
efficiency analysis.

IV. EFFICIENCY COMPARISON OF IBDCS

According to the operation state of the two IBDCs in a single
switching period, the conduction current and the switching
current of the devices on both sides can be calculated. With
the characteristics of the devices, the conduction loss and
switching loss of the devices on both sides can be obtained.
The power device loss models of the two IBDCs are sys-
tematically built in MathCAD, and a simulation model based
on PLECS platform has been used to confirm the accuracy
of the loss calculation model. Subsequently, the efficiency
of the converter’s power device would be evaluated using a
MathCAD loss calculation model to accelerate the evaluation
process.

The losses in the forward and reverse states are not the
same, so these two cases need to be considered separately.
This is mainly because different resonant elements are used
when the IBRDC operates in different states, and power
devices on both sides are different. According to Table 1,
eight 1200V SiC MOSFETs (BSM180D12P2E002) are con-
nected in series on the MV side, four 1700V SiC MOSFETs
(BSM250D17P2E004) are used parallelly on the LV side.
Therefore, all evaluations in this section consider the influence
of forward and reverse states on power device loss. In order to
explore the influence of the maximum DC voltage regulation
range on the loss of the converter, while fixing the DC voltage
on one side, this section adopts the previously defined oy

VOLUME 4, 2023

and o7 y measure the maximum variation range of bus voltage
on both sides of the converter. Within a certain maximum DC
voltage regulation range, the power device efficiency corre-
sponding to different DC voltages under the same load rate is
averaged to obtain the average power device efficiency curve
within the range.

Fig. 9(a) shows the change of the average power device
efficiency with ajy in the forward state. With the expansion
of the voltage regulation range, the power device efficiency
gradually decreases, and the downward trend of IBRDC is
more obvious. When «;y<0.10, the average power device
efficiency of IBRDC is higher, and when oy>0.10, the
average power device efficiency of the IBNDC is higher.
Especially when ajsy>0.25, the average power device effi-
ciency of IBRDC is very low, which cannot meet the operation
requirements of the converter. Fig. 9(b) shows the average
efficiency of the converter with «opy in the reverse state. It
is similar to that in the forward state, but due to different
device characteristics and components in resonance, the re-
verse device efficiency of IBRDC decreases to some extent. In
some extreme states, because the magnetic inductance of the
IBRDC is too small and the circulating power in the isolated
tank is too large, the IBNDC occupies an absolute advantage.

Fig. 10(a) shows the change of the average power device
efficiency with ay in the forward state, and Fig. 10(b) shows
that in the reverse state. Compared with oy, oy has less
influence on IBRDC. And when «yy is relatively large, the
power device efficiency of IBRDC is still lower than that of
IBNDC.

In conclusion, oy and «apy have approximately the same
effect on the average power device efficiency of the converter.
The power device efficiency decreases with the increase of
the maximum regulation range of DC voltages. When oy <
0.10 or oz y < 0.10, IBRDC should be adopted, while IBNDC
is more suitable for ap;y > 0.10 or oy > 0.10.

V. EXPERIMENTAL VERIFICATION

According to the above analysis, when the voltage regulation
rate is 0.5, IBNDC has an absolute efficiency advantage over
IBRDC. Therefore, IBNDC will be deveolped as the target in
this section.

A. KEY PARAMETER DESIGN

In order to facilitate the modular design, two 1:1 transformers
are connected in primary-series-secondary- parallel pattern,
equivalently forming a 2:1 transformer. Under full load, the
operating condition of Vy;ypc = 4000 V and Viypc = 750 V
is the operating condition with the maximum effective value
of current and the theoretical loss. In this working condi-
tion, the apparent power of a single transformer is about 150
kVA. Based on (6) and Table 1, it can be determined that
the total auxiliary inductance seen from the primary side is
70 pH. Circuit configuration of the isolated tank is shown
in Fig. 11. In the figure, total auxiliary inductance consists
of transformer leakage inductance Ly and external auxiliary
inductance L,gy. The external auxiliary inductor is made into

19
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discrete components to effectively reduce the heat dissipation
pressure and reduce the isolation requirements of the high
voltage across the inductors, which is also conducive to the
arrangement in space.

The maximum voltage ripple of half bridge capacitor is
set as 1.5% of the 1/2 Vyypc. Limited by the voltage and
current requirements of a single capacitor, the two capacitors
are connected in parallel and then three groups are connected
in series to obtain a capacitance of 80 uF that can guarantee
a maximum ripple of 1.46% on the MV side. The maximum
voltage ripple of Vrypc is also set to 1.5%. The two capacitors
are connected in series and then four groups are connected in
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TABLE 3. Parameters of the Developed IBNDC

Parameter Value

Apparent Power of a Single Transformer Sg,., | 150kVA
Transformer Leakage Inductance Ly 17uH
External Auxiliary Inductance Lz, 18uH
MV DC Capacitance Cyypci/Cuvper 80uF
LV DC Capacitance Cpypc 136uF

parallel to obtain a capacitance of 136 uF which can ensure
a maximum ripple of 1.47% on the LV side. To sum up, the
parameters of the developed IBNDC is shown in Table 3.

B. CONSTRUCTION OF EXPERIMENTAL PROTOTYPE

In addition to power isolation by transformer, the IBNDC
developed in this paper also needs to realize the isolation of
the control system and the auxiliary power supply system, so
as to realize the full isolation of the MV and LV sides. In MV
applications, magnetic coupling and optical transmission are
generally used to achieve isolation.

In this paper, the auxiliary power supply is realized by
multi-stage magnetic coupling. The signal interaction be-
tween the MV side and the LV side is realized through optical
transmission. In view of these considerations, the control sys-
tem structure with isolation between MV side and LV side
could be shown as Fig. 12. The MV control board and the
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FIGURE 12. Control system structure with isolation between MV side and
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FIGURE 13. Converter's assembly drawing and experimental prototype.

power interface board (PIB) realize the interaction of control
signals and sampling data on the optical fiber through serial
communication interface (SCI). The module driver on the LV
side and the distribution interface board (DIB) on the MV side
are connected to the PIB through optical fibers to transmit
driving signals and feedback signals.

The converter has been assembled layer by layer from top
to bottom in the order of MV to LV. The converter’s as-
sembly drawing and experimental prototype are presented in
Fig. 13. The highest layer is equipped with MV DC bus capac-
itors, corresponding sensing circuits and MV control board.
The series-connected SiC MOSFETs are set in the second
highest layer. The middle layer is equipped with transform-
ers and external auxiliary inductors. The next layer includes
parallel-connected SiC MOSFETs, LV DC bus capacitors and
corresponding sensing circuits. PIB, auxiliary power supply,
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FIGURE 15. MV DC bus waveform and voltage sharing among SiC
MOSFETs.

discharging circuits and protection circuits are arranged at the
lowest layer.

C. MV HIGH POWER EXPERIMENT

In order to verify the MV high power operating capacity of
the designed IBNDC, 4000V/1000V 100kW experiment is
carried out, and the main waveforms are shown in Fig. 14. The
experimental waveforms are close to the simulation results.
The primary side voltage of the isolated tank is switched
between £2 kV. The voltage vrs shown in Fig. 11 is switched
between =1 kV and near zero voltage level. This is because
the overall leakage inductance of the transformer is close to
the external auxiliary inductance, vz is near zero when the
voltage across the overall auxiliary inductance is clamped by
the superposed voltage at both ends of the isolated tank. The
AC current measured at the primary side of the transformer is
trapezoidal, and its maximum value exceeds 50 A.

In addition, the MV DC bus waveform and voltage sharing
among SiC MOSFETSs has been observed in Fig. 15. Under
the tested conditions, the voltage ripple of the MV DC bus
is less than 1%. Under the support of synchronous gate drive
delay correction technology, the maximum voltage difference
among SiC MOSFETs is less than 5%. To sum up, the above
experiments prove the functional integrity of the designed
IBDC, which pave the way for further expanding the appli-
cation of IBDC in the MV high power field.

Finally, the efficiency under half load with different DC
bus voltages was measured, as shown in Fig. 16. Limited by
the peripheral experimental conditions, the maximum power
tested at present can only reach half load, but the relevant
measurements are sufficient for correcting the loss model
coefficients for each part of the converter. The loss model
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FIGURE 16. The measured and estimated efficiency of the designed
converter with different DC bus voltages.

includes the switching loss and conduction loss of the power
devices on both sides, the losses of the magnetic components,
and the losses of capacitors and power line. Among them,
since the loss data of the devices are obtained by double-pulse
experiment, the switching and conduction losses are similar
to the predicted results, and no correction is required. The
magnetic element losses could be divided into core losses and
winding losses, and the equivalent loss model have been ver-
ified by simulation and corrected by correction coefficients.
The losses of capacitors and power line could be obtained
from the datasheet based on the classical calculation model,
accounting for a small proportion. This part of the losses is
not corrected in the model and has little impact on the overall
loss model. The loss model is used to predict the converter
efficiency when the load is greater than half load, as shown by
the dashed line in the figure. The experimental results show
that the converter can operate efficiently. When the primary
side matches secondary side, the efficiency can reach 98% at
half load. Even when the primary and secondary sides do not
match, the efficiency can still exceed 97% at half load.

VI. CONCLUSION

In this paper, an MV IBDC based on series-connected SiC
MOSFETs has been proposed. Firstly, the structure of the
MYV IBDC is presented which is the basis for the compari-
son between IBRDC and IBNDC. Subsequently, an automatic
parameter optimization strategy for IBRDC is proposed and
an optimal modulation strategy for IBNDC is introduced. The
optimal operating range of the two IBDC in terms of voltage
regulation range and load rate is then studied from the per-
spective of power device efficiency. Then IBNDC is selected
as the topology of the developed converter. Considering the
galvanic isolation of power circuit and control circuit, a 4
kV/1 kV 200 kW experimental prototype has been set up. The
experiments carried out can prove the functional integrity and
MYV high power transmission capability of the converter. At
last, the measured and estimated efficiency of the designed
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converter with different DC bus voltages is presented to prove
the high efficiency operation capability.
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