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A High Step-Down Partial Power Processing
Switched-Capacitor Converter for Wide Input Voltage
Range Medium Voltage DC Applications

Renfeng Guan
Zongjian Li

Abstract—This article proposed a partial power processing
switched-capacitor converter (P3SCC) for medium voltage dc ap-
plications, where a high-frequency switched-capacitor converter
(HFSCC) operating in a series resonant state is used to transmit
most of the power, and the remaining small power is regulated by a
partial power processing phase-shift full bridge (P*SFB). Different
from the conventional switched capacitors that use a dc bus to trans-
fer energy from the highest voltage capacitor to the lowest voltage
capacitor step by step, the P>SCC transfers power directly from
each input capacitor to the load synchronously via the HFSCC, with
uniform distribution of voltage and current stress, so the proposed
one is more suitable for medium voltage high power conversion.
Moreover, the P*SFB controls the HFSCC voltage amplitude by
phase-shifting with the main power HFSCC, eventually regulating
the output voltage, the main power is transmitted through only one
resonant converter and soft switching of the main power MOSFETs
is achieved. The P3SCC has higher efficiency in medium voltage
wide input range voltage regulation applications, since the P*SFB
process half the current of the conventional partial power converter.
A 1-1.6-kV dc input with 100-V dc/1 kW output prototype is built
to verify the feasibility of the proposed topology.

Index Terms—High step-down ratio, medium voltage dc
converter, partial power processing, switched-capacitor, wide
range voltage regulation.

1. INTRODUCTION

IGH step-down ratio dc converters linking medium-
H voltage dc (MVdc) and low-voltage dc (LVdc) systems are
widely used in MVDC power grids (5-10 kV dc to 400 Vdc), dc
shipboard power systems (6.6—11 kV dc to 480 or 690 Vdc),
photovoltaic battery energy storage system, electric vehicle
power distribution unit, and so on [1], [2], [3], [4], [5], [6],
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[7]. In these applications with high voltage step-down ratio and
a wide range of input voltage variations, switched-capacitor
converters have become a hot topic of research because of the
large voltage step-down ratio, the low voltage stress on the device
and expandability to higher voltage levels [8], [9], [10], [11].

The energy transfer path of typical switched-capacitor con-
verters is to transfer the energy of capacitors with different poten-
tials to the lowest potential capacitor step by step by changing the
switching state, featuring a large number of scalable modules,
multiple level combinations, and flexible regulation, but the
switching transient current inrush is large, causing high current
stress in the power device and difficult to achieve soft switching
[12], [13], [14], [15]. Hybrid switched-capacitor converters us-
ing series inductors or resonant switched-capacitor can suppress
current shocks and achieve soft switching for a certain load range
[15], [16]. However, the current and voltage stress balancing
of multiple switches requires additional control, increasing the
control complexity of power balancing [17]. In order to solve the
voltage stress imbalance problem of the submodules, a parallel
switched-capacitor branch is proposed in [18] for phase shifting
control to achieve voltage balancing of individual submodules,
but the number of power switches and capacitors is increased. A
method to control capacitor voltage balancing by adjusting the
inductor current valley (or minimum) to the same level for each
switching state was proposed in [19], automatically capacitor
voltage balancing was also achieved, however, additional current
detection hardware and the complex control algorithm are still
required.

The wide input voltage range is another challenge for MVdc
high-power conversion, due to the large range of input voltage
variations influenced by line resistance or source voltage fluctua-
tions [20], [21]. Since the switch frequency was limited by power
loss and magnetic components, the voltage regulation range
of resonant switched-capacitor topology is quite narrow [22].
To expand the voltage regulation ability, a method combining
frequency conversion, phase shifting and dead time control for
voltage regulation was proposed in [23], but a large amount
of arithmetic was required. The combination of multiple active
switching units in [24] extends the voltage regulation range,
but the connection of capacitors of different voltages causes
current surges that need to be buffered by large inductors, which
cause electromagnetic interference and increase the size of the
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converter. Using the multistage converter structure shown in
[25], switched-capacitor topologies are employed as fixed-ratio
dc transformers and a series PWM converter for voltage regula-
tion in the second stage can achieve a wide range of voltage
regulation, but the two-stage conversion reduces the overall
system efficiency. The partial power handling converter achieves
a wide range of voltage regulation and the regulated converter
processes only part of the power, reducing losses, which is
used in battery charger and PV grid-tied systems [26], [27], but
efficiency improvement was limited in applications with high
output currents because the partial power converter current at
the output is not reduced and needs to be optimized in high
step-down applications [28], [29].

To overcome the above-mentioned problems, this article pro-
poses a partial power processing switched-capacitor converter
(P3SCC) for MVdc applications, where the high-frequency
switched-capacitor converter (HFSCC) operating in the series
resonant state is used to transmit most of the power, and the
remaining small power is regulated by a partial power processing
phase-shift full bridge (P*SFB). The P?*SCC transfers power
directly from each input capacitor to the load synchronously via
the HFSCC, with uniform distribution of voltage and current
stress, so the proposed one is more suitable for medium voltage
high power conversion. Moreover, the P*SFB controls the HF-
SCC voltage amplitude by phase-shifting with the main power
HFSCC, eventually regulating the output voltage over a wide
input voltage, the main power is transmitted through only one
resonance stage and soft switching of the main power MOSFETS
over the full voltage range is achieved.

The rest of this article is organized as follows. Section II de-
scribes the operating principle of the proposed P3SCC topology,
the output regulation principle and the distribution of power are
analyzed in detail and the waveforms of each operating mode
are plotted. In Section III, the design basis for key parameters
such as the main power transformer of the P?*SCC, resonance
parameters, transformer for the P*SFB, and the selection of
inductors and capacitors. The control strategy for output voltage
regulation over a wide input range is also analyzed in detail.
In Section IV, the output voltage regulation results, the sub-
modules input voltage stress and the MOSFETSs current stress
of the proposed converter, and the soft-switching results are
experimentally verified on a 1-1.6 kV input and 100 V/1 kW
output converter prototype with the proposed control strategy.
Finally, Section V concludes this article.

II. PRINCIPLES OF OPERATION AND REGULATION

The topology of the proposed converter consists of 2 m half
bridge modules SM#N (N = 1 ...2 m) and partial power process-
ing phase shifted full bridge (P*SFB) converter, where SM#1-
SM#2 m are connected in series to block the input medium
voltage, operating as a high-frequency switched-capacitor series
resonant converter to transmit most of the power with high
efficiency, and the power flow direction is shown in the red area
in Fig. 1. The partial power output voltage regulation is achieved
by adjusting the phase difference between the vcp and the vgp
port as shown in Fig. 1 (the reasons for choosing vgr as the
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Fig. 1. Composition and power flow of the proposed high step-down ratio
converter P3SCC.

port for phase shifting are explained in detail in Section II-B).
C1n-Can are the input dc capacitors and Lgy is the inductor to
assist in realizing soft switching. LyN is necessary because the
medium voltage converter is difficult to realize soft switching
due to the high input voltage and the large number of switches.
Lyn and the balancing capacitor Cpx form the HFSCC circuit
to realize multiple power units SM#N with different electrical
potentials supplying power to the load synchronously to achieve
power balancing. Besides, Ly,n and Ly is part of series resonant
inductor. Dy, and Dy are diodes to select the ac input circuit.

A. Operation Principles

The operation of the proposed converter can be divided into
two parts, most of the power is transmitted through the HFSCC
and a small portion of the power is transmitted through the
P*SFB converter. As the input voltage rises, the power of P*SFB
increases, as shown in Fig. 2. To simplify the analysis, the output
voltage V¢, of P*SFB is equivalent to a controlled voltage
source. The voltage of the resonant tank is divided into two
stages, 0-T,/2 and T/2-Ty, and the switching states and power
flow directions of the two stages are shown in Fig. 3(a) and (b).

In the 0-7,/2 stage, M1N turned ON, Moy turned OFF, and the
resonant tank input voltage vap > 0, the power flow is shown
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Fig. 2. Power distribution of the P’SCC in the HESCC (operating in series
resonant state) and P*SFB with varying input voltage.

in Fig. 3(a). The composition of vop is

vi1 — Zmit (11 — fnst)

v12 — Zme (im12 — ins2)

VAR = } . . 1

AB vz — Zwis (iM13 — i1s3) M
)

V14 — Zniia (iM14 — Lsa

v11—Vv14 are equivalent voltage sources with the following com-
position:

USM1 + USM2 — UCbul — YCbdl — UCbu — UCbn
- USM2 — UCbu — UCbn
= . (2
UCbd
Ucbd + VCb3 — USM3

Z11-Z,4 is the equivalent internal impedance of the power
supply, composed of (3) shown at the bottom of the next page.

In the T,/2-T; stage, M turned OFF, Moy turned ON, and the
resonant tank input voltage vap < 0, the power flow is shown
in Fig. 3(b). The calculation of the voltage and current is similar
to the 0-T,/2 stage.

The balance of the dc link capacitor voltages vgnr1 tO Va4,
vobu and venq 1s analyzed as follows: taking SM#1 and SM#2 as
an example for simplified analysis. Fig. 4(a) shows the switching
states in the period 0-7/2. The power transfer path of multiple
submodules supplying energy to the load via Cy,,n and Cpgn is
shown in Fig. 4(b). For the power circuit of SM#1, the circuit
consisting of Cq1, Co1, Lg1, Lp1, Chui1, and Cpqy contains two
components: the current it for Ls; and the current iyqq to
the loads Zap and Zgy, as shown in Fig. 4(b). i1s; is mainly
used to assist in the implementation of soft switching, and the
L, branch can be ignored when considering multiple supplies
to power the loads. The load power supply circuit is simplified
in Fig. 4(c). The input voltage vgyn of each module and the
balanced capacitor voltage vy, N and vepan are

UsM1| _ |Vell t Ve21
VSM2 Ve12 + Ve22
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Fig.3. Two main operating stages of the proposed converter. (a) In the 0-75/2
stage, MiN is turned ON, Moy is turned OFF and the resonant current i, is
positive. (b) In the T5/2-Ty stage, M1 is turned OFF and M2y is turned ON,
with a negative resonant current i,.

di d
[ Lo1 ™ — Ly ™52 + vebut + VUebdl
= di diLe:

Lpo ™2 — Lz ™22 + Uehuz + Vebd2

“)

irp1 and irpe can be decomposed into two parts according to
their function: the “common mode” currents itp1c and ippoc
that constitute the load Zxp and Zgp currents, and the charge
and discharge “balance” currents it},12op that are equivalently
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Fig. 4. Equivalent circuit of DC link capacitor self-balancing in the 0-7/2
cycle. (a) Switching status of SM#1 and SM#2. (b) Power flow of SM#1 and
SM#2. (c) Power flow from SM#1 and SM#2 to the load. (d) “Common mode
current” equivalent circuit of SM#1 and SM#2 to the load Zgr and Zap.
(e) “Balance current” circuit between SM#1 and SM#2.

connected in parallel with the adjacent capacitors, as shown in
Fig. 4(d) and (e)

iLbl | | ‘Lbic +iLb12B )
1Lb2 1Lb2C — Lb12B

The relationship between ir1,1¢c and it p2c is

ditpic ditnoc
€ — Avgmit + Avebut + Avepar = Lia
dt dt
(6)
The voltage fluctuations of Ly,; and Ly,3 are much larger than
Avsmi, Aveput, and Avepqr at the switching frequency, due to
the large value of the dc link capacitance, that is

Ly,

ditpic ditpac
— L =0. 7
7 b2~ (7)

According to Fig. 4(c)—(e), the balance current is

Ly,
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Composition of the HFSCC power circuit in the 0-Ts/2 and Ts/2-T5

In the design, L,y = L2 = Lyx = Ly, the balance current
irp12B = 0, then ve11+Ve12 = Vebul +Vebdi, the voltage balance
of other modules is the same as the above-mentioned analysis,
and the same analysis is 73/2-Tj, then

USMN UcbuN + UchdN
USM(N+1) Ucbu(N+1) T Vcbd(N+1)

} _ |:zSM(N+1):| )
SM(N+2)

According to the above-mentioned analysis, the input volt-
age of each submodule is automatically balanced. The above-
mentioned analysis of the voltage self-balance is independent of
the value of the dc link capacitors, therefore the value of the dc
link capacitor does not affect the voltage self-balance between
the modules. The deviations of the inductors Lj,n.1 and Ly, also
have no effect on the voltage balance, as the voltage drop across
Ly, is very small. Based on the above-mentioned operating prin-
ciple analysis, the output regulation process during the 0-7/2
and Ty/2-T; cycles can be simplified to the voltage source and
impedance shown in Fig. 5.

B. Output Regulation Principle

According to (1)—(3) and Fig. 5, vap depends on vy, Vebu,
Vebns and Vehd. Vepn 1S related to vepy and vepq as
Uin
% = VUcbu + Ucbn + Vcbd

where vepu = Vebd, due to the current of the series resonant state
is symmetrical in the 0-7,/2 and T,/2-T periods. Therefore,
adjusting v¢p, can control vap and eventually achieve output
voltage regulation, as shown in Fig. 5.

The method of regulating v, is to transfer the energy from
Vebn to HESCC, using a P*SFB that forms a phase shift ac
source with HFSCC, where there are many ac ports available for

(10)

ILb12B = Lb2C — Lb1C- (8) HFSCC,suchasvgiri, VEF, VEm+1Fm+1s VEm+2Fm+2 - -- Shown
-1 1 1 1 1 1 .
Z11 JwCiy JwCay ijig jwCao j‘.*)chul JwChar + ]OJLbl
Z12 = jwCia  jwCas +]wLb2 3)
713 Jwlys
VA =1 _ _ _ 1 i
14 jwCi3 JjwCaz JjwChs + jwlia
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in Fig. 1. Due to the consistency of the ac port voltages of the
HFESCC, the phase and voltage of these ac ports are identical, the
main difference is that the insulation level with v, is different.
Different choices of the referenced phase-shifted ac port result
in different isolation voltage levels for the transformer T}, of
P*SFB are

Visol mkisovin/ (2m)

Viso kisovin/ (2m) (11)
Viso(m+1) kisovin/ (Qm)
Uiso(m+2) Qkisovin/ (Qm)

where Vigo1, Visos Viso(m+1), and Viso(m+2) are the T, isolation
voltages for the different HFSCC ports selected, kiso is the
isolation voltage margin considered in the engineering design,
generally kis, = 2-3. The insulation voltage levels required for
T}, with the different ac ports selected for HFSCC are shown in
Fig. 6, and it can be seen that the lowest isolation voltages are
obtained by selecting the vy Or Vg +1Fm+1 case. So that vgp or
VEm+1Fm-1 can be chosen in the design as the vop phase-shifted
secondary ac voltage, and in the subsequent analysis, vgr is
chosen as the reference for phase shifting, the port for energy
interaction with vy,

P*SFB is redrawn in Fig. 7, vgr is one of the ac ports for
the main power HFSCC, and M,;—M,,4 are the switches for the
additional P*SFB converter. By adjusting the phase difference
between vep and vgp, the interaction between the energy of
Chn and the energy of the main power HFSCC can be achieved,
regulating vcpy, and ve.

In the case of input voltage rise, the regulation principle of
the output voltage is shown in Fig. 8. There are three stages,
t=ty-t1,t = t1-t2, and t > t9, and the working principle of each
stage is as follows.

1) In the 79p—t; stage, vi, is lower, a larger phase shift angle

YucD—PuAB 18 needed to transfer energy from v, to the
VEF port, lowering v¢p, and ensuring constant v, and
Vebd, Which means that vaop is constant, thus achieving
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Fig. 8.  Principle diagram for output voltage regulation with a wide range of
input voltage variations. The vap and v, are regulated by changing vcpn by
phase shifting to offset the variation in vgp.

regulation of the output voltage v,. At this stage, the vcpy,
voltage is low, the power of P*SFB is very small, and
the main power is processed by HFSCC, achieve high
efficiency.

2) In the t1—to stage, vi, rises, the phase shift angle ¢,cp—
p,ap needs to be reduced to control the energy transferred
from vpy, to the vgr port, it is equivalent to rising vepn,
offsetting the rise in vy, and v.},q caused by the rise in vy,
ensuring that vy, and v¢pq are constant, resulting in vap
is constant, thus achieving the regulation of the output
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voltage v,. The vy, voltage rises at this stage and the
power of the P*SFB rises, but the main power is processed
by the HFSCC, which still has a high efficiency.

3) In the ¢ > 15 stage, vi, is higher, keeping a smaller phase
shiftangle ¢, cp—@vAB, controlling the energy transferred
from vcpy to the vgp port. The vy, voltage rises at this
stage and the power of the P*SFB increases, but the main
power is processed by the HFSCC, which still has a high
efficiency.

C. Power Distribution and System Efficiency

Based on the above-mentioned analysis, it is clear that the
power processed by the P*SFB depends on the input voltage,
expressed as

Ppagpg = UcbntpP1SFB,ave- (12)

Vebn €an be obtained from the self-balancing characteristic of
the submodules

Yin 2o
2m 1/ ng

UCbn = (13)

According to the operating modes within the 0—7/2 period
and T,/2-Ts in Fig. 3, the average value of the load current of
P*SFB is

2V2.

iP“SFB,avg = o Ir,rms (14)

where i, .1, is the resonant current, i, s can be expressed as

v /872 L2 12 + 2(1/n) B2
8(1/nm)RLmer

L., is the magnetizing inductor, Ry, is the load resistance, and
f; 1s the resonant frequency, which can be expressed as

1
fe= 2m\/(Lu/2m) + Liyx

Ly, is the impedance balance inductor, Ly y is the series induc-
tor, these inductors form the resonant inductor.

Considering m = 2, vj, = 1-1.6 kV variation, output voltage
of 100 V and power of 1 kW, the curve of power variation
with turns ratio of HFSCC transformer 7}, and input voltage for
P*SFB processing is shown in Fig. 9. According to (12)—(16)

1) For a certain output power and input voltage, the power
processed by the P*SFB increases with the increase of
the transformer turns ratio 1:n,, between the primary and
secondary sides. Thus, when considering the variation
ratio of the primary circuit, choosing n,, < 1 enables the
P*SFB to process less power.

2) For a certain output power and transformer turns ratio, the
P*SFB processing power is close to 0 at the lowest voltage
input conditions and the main converter operates at high
efficiency; as the vy, rises, the power processed by P*SFB
is increased. Therefore, it is needed to determine the
processing power of the P*SFB according to the variation
range of the input voltage.

5)

Ty rms —

(16)
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Fig. 9. Power distribution of the P*SFB of the proposed converter versus the

input voltage for the different transformer ratios of the HFSCC.

III. DESIGN OF HARDWARE AND CONTROL SYSTEM
A. Design of Hardware

1) Turns Ratio of Main Power Transformer T,,,: Considering
1-1.6 kV input and 100 V/1 kW output, it is known from the
above analysis that the power processed by P*SFB decreases as
the primary to secondary ratio of the main power transformer
Ty, decreases by 1:ny,, when the input voltage is certain, and ny,
should be chosen smaller for higher efficiency. 7y, min should
satisfy

Vin,min Vo
>

im a7

T'm, min

In order to avoid the resonant element parameter deviations
resulting in resonant tank gain less than 1, the turns ratio should
take a certain margin, and this design takes n,, = 1.

The insulation design of the transformer of the MV con-
verter has two difficulties: the design of the parameters and
the insulation design, while the soft switching result and gain
adjustment of the proposed converter does not depend on the
magnetizing inductance of the transformer, the leakage induc-
tance and parasitic capacitance of the transformer and other
parameters have less influence on the P*SCC. The main focus
is on the insulation design of medium voltage transformers. The
transformer is a planar structure, using the PCB for the windings,
which facilitates the realization of high-voltage insulation, as
shown in Fig. 10. The insulation design has three main aspects:

Distribution of electrical potential points: the primary winding
is a suspended high-voltage potential point and the secondary
winding is a low-potential point, therefore connecting the sec-
ondary winding and the core together avoids the core potential
point being uncertain and being struck by high voltage.

Insulation of the primary and secondary windings: the
10 kVdc insulation of the primary and secondary windings
is achieved using FR4 insulation boards (dielectric strength
>30 kV/mm), with the edges and the core central column hole
sections reinforced with polyimide film tape (dielectric strength
>60 kV/mm). The insulation of the lead wire of the primary
winding and the secondary winding (magnetic core) is achieved
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Fig. 10.  Insulation design for 10 kV insulated planar transformers.

by the air insulation spacing (dielectric strength >0.5 kV/mm),
which is 3 cm in the case of 10 kVdc insulation.

Insulation of the primary and magnetic core: the core is
insulated with polyimide film tape on the inner surface and
the PCB winding adjacent to the core is also insulated with a
polyimide film tape, the insulation structure is shown in Fig. 10.
The insulation of the transformer is tested by applying a voltage
of 10 kVdc to the primary and secondary sides for one minute
and testing the leakage current <4 pA, with no insulation
breakdown.

2) Turns Ratio of P*SFB Transformer Ty,: Ty is selected
based on the current stress and voltage stress on the primary
and secondary sides of the P*SFB are similar, which facilitates
device selection and circuit design. The range of the secondary
voltage vy, of P*SFB is

Vin,min Vin,max

m - 2Ucbu < Uchn < - 2Ucbu (18)
Ucbu = Ucbd > Uo/nm~ (19)
The range of the primary side voltage vgr of P*SFB is
Vin,min Vin,max
— < < —. 20
4m VEF 4m 20)

In the case where v, changes from viy min tO Vin max, the
turns ratio should satisfy 1:n,7~VEF:Vcbn, SO that the primary
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and secondary currents and voltage of P*SFB are close to each
other and the current and voltage stress is reduced, respectively.
Therefore, 1:npT = 1:1.

3) Input Capacitor C ;y, Con, and the Balance Capacitor Cy:
Cin, Caon, and Cy, are all dc bus capacitors. The capacitance
value is not sensitive to the converter design and the same
capacitance value can be chosen, 50 uF was chosen for the
experimental prototype.

4) Resonant Components Ly, L., and C,.: First, determine
Ly, according to (3), the value of Ly, should satisfy Z1; = Z;5 =
Z13 = Zl49 Lb range is

21

1 P
jwsLb>10( mn +m/>.

jwsclN jwscb

Calculating and considering the margin, the inductance value
of Ly, can be taken as 3 pH or larger due to the small impedance
of the dc bus capacitor 1/wCin, 1/wCan, and 1/wCy,. Then,
according to (16) and transformer leakage inductance L.s, C;
can be calculated as 32 nF.

5) Auxiliary Soft Switching Inductor L: The soft-switching
result of the proposed converter is independent of the magnetiz-
ing inductance of transformer. To facilitate transformer design
and reduce transformer losses, the magnetizing inductance is
much larger than the leakage inductance in the design, and thus
the soft-switching charging and discharging current is mainly
provided by Ls. The complete charging and discharging of all
MOSFET junction capacitors C,gs Within the dead time should
satisfy

2mCoss Avcoss + OCqAUCeq

ta ta
< / 2miCoss(t)dt +/ ich(t)dt (22)
0 0
Ceq 1s the equivalent capacitance of the main power trans-
former and the secondary diode. 4 is the dead time, icoss and
iCeq 18 the current to charge Cysq1n (junction capacitor of M),
Cosson (junction capacitor of M), and Ceq, respectively

m
2micoss (1) +iceq (1) = D iLan (8) +iLm (1) . (23)
N=1
ir.m 1s small and can be ignored, as the main power operates in
the series resonant state, the value of L, is large. i1 is equal to
a current source during the dead time, (22) can be expressed as

miLsmﬂaxtd > 2C ossVin + C'eqUin/'rn (24)

) vin (Ts/2 — ta)
s,max — - . 25
s, AmL, 25)

According to the above calculation, Ls = 200 pH is selected.

B. Design of Control System

The control system of the proposed converter is shown in
Fig. 11. The sampled output voltage v, sam 1S feedback to the
control system after high voltage isolation and is subtracted
from the reference value of the output voltage v, yf. The volt-
age difference is processed by proportional integration (PI) to
calculate the phase difference between the P*SFB and HFSCC,
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Fig. 11.  Block diagram of the phase shift control strategy and gate driver logic
of the proposed converter.

TABLE I
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Symbol Parameter Values
Vin Input voltage 1-1.6kV dc
m Number of SM 4
Vo Output voltage 100 V dc
P, Output power 1 kW

Jfow Switching frequency 200 kHz
Cin Input capacitance 50 uF
Cy Balance capacitance 50 uF
L Auxiliary inductors for soft-switch 200 uH
Ly, Impedance matching inductance 3uH
Lix Leakage inductance of transformer 18 uH
C: Capacitance for series resonance 32nF
1:ny, Turns ratio of HFSCC transformer 1:1
L:npr Turns ratio of P*SFB transformer 1:1

Ay = py,cD—praB- Using the gate driver of the HFSCC as the
reference value, the P*SFB is phase-shifted to achieve output
voltage regulation. The derivation of the transfer function and
the design of the PI parameters refer to the literature [31], [32],
[33]. During the start-up stage, with the high input voltage
vin already established, direct start-up can cause huge current
surges, requiring a high switching frequency (2f;) at first start-up
and a gradual reduction of the switching frequency to the rated
design operating frequency f;, as shown in Fig. 11.

IV. EXPERIMENTAL RESULTS AND COMPARISON

A prototype converter with a variable input of 1-1.6 kV and
an output of 100 V/1 kW was built to verify the feasibility of
the proposed converter topology and control method, as shown
in Fig. 12. The detailed parameters are listed in Table I.
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LC Branch

1

Fig. 12. Experimental prototype and components of the proposed converter
with 1.6 kV input.

Tek Fi 45 [ [ 1 | ]

[1.0kV/div]

[200V/div]

[100V/div]

[1s/div] 1 T100V/div]]

|

I
l
Y

00MR/F% 2023
. i
e e R % I I p—
Vin hop
- == vin/ o
[L.OKV/div] [L.OKV/div]
D 4 ki
Vebn-, [200V/divl| | Veppy [200V/div]
2
VAB- [200V/div]] | VABY [200V/div]
dlilalialalalalabilaatal idalinlel
¥ ' el y 16310 O O U3 1O 0 O 1 O
SHVRNRSRSRSAURNE NI SR NRNETRARNR SRS
[4us/div] [100V div] " vo/ [4us/div] [100V/div]
G T - U T ]| N L

Fig. 13. Experimental waveforms of the output voltage v,, the excitation
square wave voltage vaop of the series resonant tank and the DC bus voltage
Vebn Of the P*SFB (vepn characterizes the power processed by the P*SFB) with
the input voltage viy, rising from 1 to 1.6 kV, respectively.

A. Wide Input Range Voltage Regulation Experiments

As shown in Fig. 13, at the input voltage of 1 kV, v¢p, close to
0. With arise in vj;, to 1.6 kV, v¢py, 1s controlled by the P*SFB to
rise, offsetting the effects of the vy, rise, vop remains unchanged
and the output voltage v, remains unchanged, indicating that
the proposed converter achieves output voltage regulation over
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regulation under dynamic changes in load. The overshoot of the
output voltage v, is less than 3% as the load power dynamically
changes from 50% load to 100% load and from 100% load to
50% load.

The input voltage v;, rises from 1 to 1.6 kV, the input voltage
stresses for each module are shown in Fig. 18. vsni, vsme,
vsms, and veyg completely overlap during the steady-state and
transient processes, indicating that the proposed converter has
good self-balancing results and low stress for each module
input voltage. The current waveforms of each MOSFET of the

and the voltages vaop and vgr of the two AC bus ports of the main power
HFSCC, respectively, with viy, rising from 1 to 1.6 kV. The voltage difference
between v and vgr indicates the part of the power being regulated by P*SFB.

main power are shown in Fig. 19. inr11, im12, iv13, and in14
completely overlap in the steady-state and transient processes, it
is shown that good current self-balancing results and low current
stress are achieved for each MOSFET of the proposed converter.
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B. MOSFET and Diode Soft Switching Experiments

The gate driver signal vgg of the main power MOSFETS, the
drain-source voltage vpg and the current waveforms ip; and
ip2 of the secondary rectifier diode are shown in Fig. 20, at
vin 18 1 kV and 1.6 kV, respectively. It shows that the proposed
converter P2’SCC main power MOSFETs and diodes achieve soft
switching in a wide input voltage range. The efficiency curves
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Fig. 20. Main power MOSFETs ZVS turn-ON and diodes ZCS turn-OFF

soft-switching waveforms of the proposed converter.
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Fig. 21.  Efficiency curves of the proposed converters at 1 kV and 1.6 kV

respectively.

for the proposed converter at 1 kV and 1.6 kV are shown in
Fig. 21 with a peak efficiency of 97.3%. The histogram of the
loss distribution for different input voltages is shown in Fig. 22.
The volume of the converter is about 400 in® and the power
density is about 2.5 W/in® (on the one hand the experimental
prototype is a high voltage converter, the insulation distance
occupies part of the volume; on the other hand the power density
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TABLE II
COMPARISON WITH CONVENTIONAL WIDE INPUT VOLTAGE RANGE HIGH STEP-DOWN CONVERTER

Topologies [14] [18] [30] [34] [35] [36] Proposed
Number of MOSFETs Sm 9m 2m-2 2m 2m 2m 2m+4
Number of diodes 3m No 2 4 2m 2m 6
Number of inductors 2m m m-1 7 2m 2m 2m
. 2m+4 (high
Number of capacitors 3m m 2m-1 2m 4m 3m+3
voltage)
Number of transformers No m No 1 No No 2
Output isolation No Yes No Yes No No Yesk
Input voltage auto-balancing / Controlled No No / Yes Yesk
MOSFET current auto-balancing No No No No No No Yesk
Soft switching No Yes Yes Yes No No Yesk
Input voltage 300V 343V 85-120V 480-720 V 200—-400 V 700 V—-1kV 1-1.6kVk
Input voltage regulation range medium wide medium medium wide medium widex
Energy transfer paths Indirect Direct Indirect Direct Direct Indirect Directx
Power level 100 W 800 W 140 W 1kW 2kW 100 W 1 kW
Peak efficiency 93.4% 95.8% 94.6% 94% 96.9% >92% 97.3%%
TABLE IIT
40 103 0.8
\ ﬁ FAULT TYPES AND RELIABILITY
—
35 9
N Fault types Operating status
4.9 MOSFETs short-circuit (permanently) < Op °r qtlng n;)rmally but with
N B Capacitor loss ' . rising V(? tage stress
Inconsistent gate drive of MOSFETs + Operating normally
162 @ Inductor loss .
\ 4 MOSFETs open circuit (milliseconds) + Output normally but transient
P*SFB Transformer Loss p voltage imbalance
B HFSCCTransf r L
: rans| 9r1nel 0ss MOSFETSs open circuit (permanently) X Cannot operate (voltage
53 B Diode Conduction Loss divergence of the module)
054 B P'SFB MOSFET Loss
B HFSCC MOSFET Loss

vin=1kV

vir=1.6kV

Fig. 22. Loss distribution at vi, = 1 kV and vj, = 1.6 kV.

can be further increased, most of the components of the current
experimental prototype are external verification functions).

C. Comparison With Conventional High Step-Down
Switched-Capacitor Converters

Table II shows the comparison of the proposed topology
with conventional high step-down switched-capacitor converters
such as the valley-fill switched capacitor structure in [14], which
utilizes a multistage interleaved topology to achieve a high step-
down ratio and a wide range of regulation using varying duty cy-
cles, but requires more switching devices, does not achieve soft
switching and has a lower efficiency for wide range regulation,
the proposed P3SCC has a wide voltage regulation range, and
a smaller number of devices, soft switching over the full power
range and is easier expansion to multiple modules. Compared
to the dc transformer based on switched capacitor proposed in
[18], the proposed converter has a similar regulation range but
with a simpler hardware circuit structure, less sampling, and
a simpler control strategy. The multilevel step-down resonant
switched-capacitor converters proposed in [30] use multilevel
combinations to achieve a wide range of voltage regulation, but
with large differences in the current stress of MOSFETSs at different
levels, and has a high voltage capacitor-inductor branch, an
increase in capacitor-inductor insulation volume as the input

voltage rises, and requires separate sampling and control. The
MMDC in [34] can process higher dc input voltages, has a
scalable soft-switching range and improves the efficiency of the
MV converter. However, the input voltage of each module needs
to be detected and controlled, which increases the hardware cost
in MV dc systems and the reliability needs to be improved. The
asymmetric PWM series capacitor high conversion ratio dc—dc
converter in [35] can be regulated over a wide input voltage
range by adjusting the duty cycle, but the limited input voltage
makes it difficult to extend to medium voltage dc applications.
The article by Zhu et al. [36] uses the basic principle of switched
capacitors and the voltage regulation characteristics of the buck-
boost converter, which features a wide voltage regulation range,
independent operation of each sub-module, and voltage balanc-
ing without communication and synchronization. However, the
energy is transferred from the highest potential converter to the
lowest potential point through 2m steps, which increases the
losses, and it is difficult to achieve isolation and is usually used
in low-power applications.

In contrast, the proposed converter achieves a wide range of
voltage regulation with low and balanced voltage and current
stress. The input side can be directly connected in series with
several modules without additional design, which makes it easier
to modularize the design for MVdc applications.

In addition, the proposed converter has the advantage of high
reliability, as shown in Table III.

1) If one or two MOSFETS have a permanent short-circuit fault,

the converter continues to operate, the voltage of the faulty
module becomes zero and the voltage of the other modules
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2)

3)

A

rises. However, too many MOSFETs are short-circuited,
resulting in overvoltage in the normal module.

Even if the MOSFET gate drives of the modules are not fully
synchronized (the time difference less than the dead time),
there is no effect on the normal operation of the converter
and the voltage self-balance.

If an open circuit fault in one of the MOSFETs can be
recovered within a few tens of milliseconds, the output
of the converter is normal and the voltage balance is
quickly restored; if the MOSFET is open for a longer time
or has a permanent open circuit fault, the voltage of each
module of the converter is severely dissipated, resulting in
overvoltage damage to the converter and failure to operate
normally.

V. CONCLUSION

partial power processing switched-capacitor converter for

medium voltage applications is proposed in this article, the
feasibility of the proposed converter and the correctness of the
analysis are verified by an experimental prototype with 1-1.6 kV
input and 100 V/1 kW output. The experimental results showed

that
tion

the proposed converter achieves output voltage regula-
over a wide input voltage range, with most of the power

processed by the high-efficiency HFSCC operating in a series
resonant state and a small portion of the power processed by the
P*SFB, realizing higher efficiency. Furthermore, analysis and
experiments show that the proposed converter has the features
of low voltage and current stress with automatic input voltage
balancing and MOSFET current balancing, and the number of
submodules is expandable easily, so it is more suitable for

high
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(1]
[2]

[3]

(4]

[3]

(6]

(71

(8]

-efficiency conversion of medium voltage and high power
wide input voltage range.
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