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Abstract—A  4000-V-ultrahigh-input voltage-switched-mode
power supply (UHV-SMPS) using series-connected MOSFETsS is
designed in this paper. The main contributions of the proposed
scheme include the common-mode interference modeling of the
multiswitch structure, voltage balance of the switches and driving
method. First, the common-mode interference of UHV-SMPS is
evaluated by a high-frequency equivalent model of the proposed
scheme. Then, a detailed multiswitch common-mode electromag-
netic interference mathematical model is derived and the inter-
ference quantity is calculated according to the coupling of series-
connected switches. Second, a new mathematical regulation for
passive snubber circuit is proposed to realize input voltage balance.
Through the regularity of the equivalent parasitic capacitances, the
design of compensatory capacitance and voltage balance can real-
ized with ease. Third, a novel driving method based on integrated
pulse transformer is proposed. It can achieve both good consistency
to the gate signals of MOSFETSs and ultrahigh isolation voltage in
the wide range input applications. Finally, the experimental results
obtained from a 300-4000 V wide range input prototype verified
the feasibility of the proposed scheme and accuracy of the theoret-
ical analysis.

Index Terms—Common-mode (CM) interference, series con-
nected, ultrahigh input, voltage balance.

NOMENCLATURE
Via Input voltage.
Vout Output voltage.
Vs Driver output voltage.
Vi~V, Interference sources’ voltages of N

MOSFETs.
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Vs Voltage between drain and source of
MOSFET.

P, Maximum output power.

Cn Input capacitance.

Cout Output capacitance.

Cas1~Clasn Parasitic capacitance of MOSFETs.

Ci1~Cy, Distributed capacitance between the
drain and the grounding heat sink of
MOSFETs.

Cps Stray capacitance between the primary
side and the secondary side of the main
transformer.

c, Distributed capacitance in the primary
winding of the main transformer.

Ceq Equivalent capacitance in drain and
source.

Ceom Dynamic compensatory capacitance of
MOSFET.

Corset Benchmark compensation capacitance.

Co Blocking capacitance.

Cy1~Cyn Displacement capacitance.

Ry Drive resistance.

Rorr Leakage resistance of MOSFET.

Ry, Cy,Dy~D,, RCD absorbing resistance, capacitance,
diodes.

S1~S, Serialization of MOSFETS.

D,1~D,, Serialization of rectifier diodes.

D Duty cycle.

Dy1,D19~Dy1,D,» Zener diodes of the driving circuit.

T., Ty Rising time and falling time of V.

v Switching frequency.

n Number of switches connected in series.

m Ratio of main transformer.

1. INTRODUCTION

N RECENT years, the demand of ultrahigh dc voltage input
I auxiliary power supply is steadily growing. For example,
in high-speed electrical railway traction, in coalmining industry
applications, in solid-state transformers or in modular multilevel
converter high-voltage direct current system (MMC-HVdc), the
input voltage of auxiliary power supply is up to 2000-4000 V
or even higher [1]-[3]. To fabricate this kind of power supply,
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Fig. 1.

the very high voltage stress has to be faced with first. So, how
to deal with such high input voltage becomes a serious problem
(4], [5].

Nowadays, there are various solutions to overcome this
challenge [6]-[24]. The methods can be divided into four
groups, which are based upon input-series converters, multi-
level converters, single switch with ultrahigh voltage, and series-
connected switches, as shown in Fig. 1. First, using input-series
converters is a popular solution. The authors in [6]-[8] reported
a converter with input-series-output-parallel structure which
could be used under very high input voltage. But this topol-
ogy is complicated with poor reliability because of its multiple
magnetic devices. And it is expensive in industry applications.
In order to achieve active input voltage sharing capability, in [9],
an integrated transformer is used instead of traditional multiple
transformers. However, the integrated magnetics transformer is
hard to design, especially when the number of series modules in-
creased. Second, choosing multilevel dc/dc converter is another
solution. However, this kind of topology is not suitable to the
high-input low-power applications like 4000 V input [10], [11].
And as the number of “level” increases, the control of the whole
system becomes more complex [12], [13]. Third, some scholars
introduced a single corresponding voltage-level MOSFET to con-
struct a high-voltage converter (like choosing 6300 V MOSFET
for 4000 V input voltage application). While it is possible to re-
alize electrical isolation and voltage conversion, the cost of such
voltage level MOSFET is very high. Moreover, its switching char-
acteristic is poor and it has very large R(on) Which will cause
much loss [14]. The final option is taking power switches in
series connection. The advantages are listed as follows: 1) itis a
simplified and feasible structure with a single main transformer
without complicated integration of series-modules; 2) it could
achieve high breakdown voltage by using low-voltage MOSFET
while having a better switching characteristic; and 3) it has low
control complexity and low cost [15]-[24]. However, there are
still two challenges in switch-series connection topology to be
faced up. They are voltage balance problem and electromagnetic
interference (EMI) issue.

As for series-connected switches structure, the main chal-
lenge is how to ensure an equal voltage sharing among them dur-
ing static and dynamic transient states. Various voltage balance
methods have been introduced, such as using vertical structure,
active gate control circuit, active clamping circuit, and passive
snubber circuit. In [15], a vertical structure is built for the series-
connected switches based on the influence of parasitic capaci-
tances to the power circuit physical architecture. However, this
vertical structure is complex and inconvenient for engineering.

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

In [16] and [17], the reported active gate control circuit could
control the dynamic voltage sharing among the switches dur-
ing switching transitions. However, it is complicated and may
increase the stray capacitance in the gate driver circuit. In [18]—
[22], an active clamping circuit is connected across the collector
and gate of IGBT. However, the longtime conduction of the ac-
tive clamping circuit as well as frequent actions of the active
clamping circuit will inevitably result in high switching loss of
the system. And the driving signals cannot achieve good consis-
tency. It is because each switch needs a drive circuit. Moreover,
optical feedback signals of each switch may be different. The
passive snubber circuit is also widely used [23]-[26]. However,
the resistor—capacitance circuit for dynamic sharing is insuffi-
cient because of the influence of parasitic capacitances to the
power circuit physical architecture [23], [24]. Moreover, the RC
snubber loss and switching loss would be large and the regula-
tion of resistor—capacitance circuit design is sightless, disorder,
and not universal [25], [26].

Another challenge is the high-frequency EMI produced by
high du/dt of the switches. Because of the ultrahigh input volt-
age and multiswitch structure, the EMI issue becomes more
serious than the traditional converter. For example, in the ap-
plication of MMC-HVDC system, the interference will be con-
ducted to the submodule’s control and drive circuits. This will
lead to serious damage to the voltage balance circuit as well
as the stability of the whole system [25]. In [27], a series-
parallel-connected topology of SiC MOSFETS is reported. A
buck converter based on the MOSFETS’ serialization is derived
in [28]. They all realize good voltage balance characteristic.
However, the EMI performance of switches connected in series
was omitted. A new EMI simulation model and filter design
method for flyback converter is reported in [29]. Rahmani et al.
[30] presented an EMI analysis method for dual-switch flyback
converter based on zero-current soft-switching mode. However,
there is no further modeling and analysis for the EMI mechanism
of series-connected switches.

In this paper, an auxiliary power supply with ultrahigh input
voltage based on the serialization of SiC MOSFETs is proposed,
which can be used as MMC-HVDC auxiliary power supply. In
this scheme, the novelty can be listed as follows.

1) A high-frequency equivalent model for multiswitch sys-
tem based on the ultrahigh-input voltage-switched-mode
power supply (UHV-SMPS) is proposed. By means of
the proposed model, the common-mode (CM) interfer-
ence of UHV-SMPS is evaluated. A detailed multiswitch
CM EMI mathematical model has been derived for the
first time. The novelty of the proposed model lies in that
it found the coupling difference between single-switch
condition and multiswitch condition. Then, the interfer-
ence quantity can be calculated according to the coupling
of series-connected switches. The proposed multiswitch
model can be used not only in the high-voltage auxiliary
power supply, but also in other system with more than one
cascade switches. It is an effective method to predict the
conducted EMI emission among those switches.

2) A new mathematical regulation for passive snubber cir-
cuit is proposed to realize input voltage balance. It is
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Fig. 2. Topology of the proposed UHV-SMPS.

according to the voltage unbalance causes of the series-
connected MOSFETs. Through the regularity of the equiv-
alent parasitic capacitances, the compensatory capaci-
tance can be designed and the voltage balance can be
achieved easily. Traditional trial-and-error design proce-
dure turns out to be a mathematical analysis process.

3) A novel driving method based on integrated pulse trans-
former with multiple secondary windings is proposed. It
can achieve both good consistency to the gate signals of
MOSFETs and ultrahigh isolation voltage. By making use
of the displacement capacitance, the driver output voltage
V,s is independent of the duty cycle D. So, this method
is suitable for applications with wide range input voltage
and multiple switches connected in series.

The rest of this paper is organized as follows. Section II
gives the topology of the proposed UHV-SMPS and its work-
ing principle is presented. In Section III, the CM interference
coupling mechanism of UHV-SMPS is analyzed and the quan-
titative analysis of the serialization of switches to EMI is given.
Design considerations of the voltage balance for the MOSFETSs
in series and the pulse transformer integration driving method
for the multiswitch are discussed in Section IV. Finally, in
Section V, a wide range ultrahigh voltage auxiliary power supply
for MMC-HVDC based on the serialization of SiC MOSFETSs
is designed and tested.

II. ULTRAHIGH INPUT TOPOLOGY AND
ITS WORKING PRINCIPLE

A. Proposed Topology

The flyback converter is widely used in small- and medium-
power circuits because of its advantages, such as its simplicity,
providing multichannel dc output efficiently, lower EMI, having
a more stable output when the input voltage fluctuations within
a wide range. The topology of the proposed UHV-SMPS based
on the serialization of the SiC MOSFETs is shown in Fig. 2.

The primary side of the circuit is composed of input ca-
pacitance C},,, RCD absorbing circuit (Ry, C1, D1-D,,), a
main transformer 7} with leakage inductor L, serialization
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of MOSFETSs S} ~ S,,, the parasitic capacitance of MOSFETSs
Cas1—Cqsn - And the secondary side of the circuit includes one
main output winding and several auxiliary windings which send
power to the control and drive parts of the UHV-SMPS. The
main winding needs serialization of rectifier diodes D,1—D,,
because of the large reflection voltage from primary side when
MOSFETs are turned off and an output capacitance C,.

B. Working Principle

The working principle of the proposed UHV-SMPS is ana-
lyzed as follows. To simplify the analysis, it is assumed that:
1) the auxiliary windings of the secondary side are neglected,;
2) the series-connected MOSFETs S-S, the diodes of RCD
D-D,,, and the rectifier diodes D,;—D,, are turned on and
off synchronously. The proposed UHV-SMPS operates in six
modes whose equivalent circuits are shown in Fig. 3(a)—(f)
and the time-related main waveforms of circuit are shown in
Fig. 3(g).

Mode 1 [see Fig. 3(a), tg < t < t1]: at ty, S1-S,, are tur-
ned on, the input current /;, running through primary side of
the main transformer 7 which stores energy by the increasing of
core flux, and L, is charged by V/,,. During this time, the diodes
D,1—D,, and D,-D,, are reverse blocked. C is discharging
through Ry, and C,,; provides power to the load.

Mode 2 [see Fig. 3(b), t; < t < to]: atty, when S;-S,, are
turned off, Cqs1 —Cys,, are charged and their voltages are increas-
ing. At ty

_ ‘/111 + m‘/nut

= VCdﬂ == VCd”l - (1)

n

and the voltage across primary side of the main transformer 7}
is =mV,y¢ (m is the ratio of 7). ' is discharging through R;,
and C, provides power to the load.

Mode 3 [see Fig. 3(c), to < t < t3]: atto,the diodes D,;—
D, are turned on, and the main transformer 7} releases energy
from the primary side L, to the secondary side L by the reduc-
tion of core flux. After ¢5, the voltage across primary side of T
is fixed at —-mV,, and Cy51—Clys,, are charged by the current
of L. Atts, Di—D,, are turned on and

Mn + V !
Veua (t3) =V (t3) ==V, (t3) = c .
)

Mode 4 [see Fig. 3(d), t3 < t < t4]: during t3 —t4, Cy
and Cy41—Cqsy are charged by the current of L. At t4, the
energy of L, is reduced to zero and D;—D,, are turned off,
while the current of L, decreases linearly.

Mode 5 [see Fig. 3(e), ty < t <t5]: during t4 —t5, the
current of L still decreases linearly, while C is discharging
through R;. At t5, the current of L, is reduced to zero.

Mode 6 [see Fig. 3(f), t5 < t < t]: the rectifier diodes
D,1—Dy,, are turned off and C,,; provides power to the load,
while C1 is discharging through R;. At ¢, the switches S1-5),
are turned on again and the next switching period begins.
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Fig. 3. Equivalent circuit of each stage. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Main waveforms under DCM.

III. CM INTERFERENCE MECHANISM AND MULTISWITCH CM
NOISE MODELING

A. High-Frequency Equivalent Circuit of UHV-SMPS

The structure of the proposed UHV-SMPS with high-
frequency parasitic circuit is shown in Fig. 4. Compared with
Fig. 2, the distributed capacitance between the drain and the
grounding heat sink of MOSFETs C;—C,,, the stray capaci-
tance between the primary side and the secondary side of the
main transformer C), and the distributed capacitance of the
primary winding C), are added.

B. Analysis of Interference Sources

The voltage potential jump of MOSFET being turned on and
off is the cause for the CM interference source. Thus, the Vg,
voltage of MOSFET could be modeled by mathematical software
Mathcad as follows.

When the flyback converter works under discontinuous con-
duction mode (DCM), there are two resonances (M1, M2) in
the process of MOSFETs being turned on and off, which are

GNDl

Fig. 4.
circuit.

Structure of the proposed UHV-SMPS with high-frequency parasitic
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Fig. 6. CM interference conduction paths of UHV-SMPS.

shown in Fig. 5. Owing to a resonance between the primary-
side leakage inductor (Le,) of transformer and the parasitic
capacitance (Cys) of the MOSFETS, there is a high-frequency
and high-voltage surge during the M1 period. Since the sec-
ondary current runs dry before the end of one switching period
in the case of the DCM operation, there is a lower frequency
resonance between the primary-side inductor L,,, distributed ca-
pacitance of the primary winding C,, and Cy, of the MOSFETs,
which are called the M2 resonance. The frequency of M1 and
M2 resonance are calculated as follows:

1

fMl = m (3)
1
fuz = “4)

2m \V Lp (Cp + Cds) .

C. CM Interference Coupling Paths

The CM noise conduction paths of UHV-SMPS are shown
in Fig. 6, and S;-S5,, are interference sources produced by the
MOSFETs. On one hand, the CM noise loops by the primary-
side input capacitance C1, line impedance stabilization network
(LISN), and stray capacitance C,;—C,, between MOSFETS’
drain and ground. On the other hand, the CM noise conducts to
the secondary side of transformer through secondary winding
coupling capacitance Cy, then loops by the parasitic capaci-
tance of the secondary side.

D. CM Noise Modeling of Switches’ Serialization

The CM conduction paths of UHV-SMPS shown in Fig. 6
can be simplified as follows.

First, to reduce the interwinding capacitance C),, the Fara-
day shield is used which can suppress the transfer of CM EMI
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Fig. 7. Simplified derivation of the CM interference equivalent circuit.

(a) Simplification 1. (b) Simplification 2.

between primary side and secondary side of the transformer.
The Faraday shield is a circular metal shielding layer which is
made up of a thin copper foil. One thing to note is that Faraday
shield cannot be connected head-to-tail. And the Faraday shield
is connected to the ground of the secondary side which cuts the
conducting path to the primary side. Besides, the triple insulated
wire is used as the transformer coil, which could largely (63%)
reduce the stray capacitance between windings and Faraday
shield. Thus, the circuit of secondary winding can be removed
as presented in Fig. 7(a).

Next, in the high-frequency environment, the inductive
impedance of primary winding is much larger than the capaci-
tive impedance of input capacitance, because of the large values
of the primary winding’s inductor and input capacitance C.
Therefore, the primary winding can be removed due to the CM
noise not flowing through it, and the input capacitance can be
also shorted out, as Fig. 7(b) shows.

Then, the derived results in Fig. 7(b) can be mathematically
modeled as Fig. 8(a) shows. V;-V/, are the interference sources’
voltages of n MOSFETs; Cs1—Cl,, are the parasitic capacitances
of each MOSFET’s drain to the ground. To simplify the model in
Fig. 8(a) by the Thevenin—Norton equivalent network theorem,
the equivalent CM interference source which has only one inter-
ference source V with its parasitic capacitance C to the ground
shown in Fig. 8(b) is deduced by mathematical induction as
follows.

1) If the series-connected number N = 1, we have (see

Fig. 9)

V=WV )
C= Cq. (6)
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Fig. 10. Equivalent CM interference source and capacitance when N = 2.
(a) Deduction 1. (b) Deduction 2. (c¢) Deduction 3. (d) Deduction 4.
(e) Deduction 5.

2) If N =2, see Fig. 10

Vi
I = 7
1S g (7
Vi' = L x (Zesi /] Zes2)
V;
= Zl (Zcsi/]Zes2) ®)
cs1
, Vi
V=Ww+W :%+T(Z051//ch2)
cs1
Va Vi )
= + Zosi//Zos 9
(2051//2052 7 (Zosi//Zcs2) 9)
C= Csl//CSQ = Csl + Cs?- (10)

Derivation of the CM interference mathematical model. (a) n MOS-
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Fig. 11. Equivalent CM interference source and capacitance when N = n.
(a) Deduction 1. (b) Deduction 2. (c) Deduction 3. (d) Deduction 4.
(e) Deduction 5.

3) Assuming that when N =n — 1

anl
V=V,a+V,o' = <
! ? Zesi//Zos2 /] ]/ Zecsm-1)
+ ‘/7172 + ‘/2 + ‘/1 )
Zesi/] /] Zesm-2)  Zosi//Zces:  Zosi
«(Zosi/]Zes2 /] ] Zesm-1)) (11)
C= Csl//cs2//" '//Cs(nfl)
:Csl +C,92 +"'+Cs(n—l)- (12)
4) If N = n, see Fig. 11.
From (11) and (12), we have
‘/n,fl
‘/n,— +‘/n,— "= (
! ? Zesi/|Zes2/] ]/ Zosin-1)
L Vi L Vs L Vi )
Zosi/] /] Zcsm-2) Zosi//Zos:  Zost
x (Zesi//Zesa]] - /] Zesm-1)) (13)
C;(nfl) :CSl//CSQ//'"//Cs(n—l)' (14)
Thus, if N = n, then
I _ Vo1 + Vo' _ Vi1 + Vo
() . Zesi/ | Zes2 /] /] Zesn-)
_ Vn,—l + ‘/71,—2
Zesi//Zes2/] ] Zesm-1y  Zesi]] )] Zesmn-2)
Vs Vi
+ . 2 = (15)

4 +
Zesi/|Zese  Zosa
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TABLE I
anl/ =1lp1 % (ZC S1 / / Zcs 2/ / T / / Zc Sn) = PARAMETERS OF SWITCH SERIES COMPONENTS EQUIVALENT
v v INTERFERENCE SOURCE
n—1 n—2
_l’_
(ZC*91//ZCSQ// o //ZCS("’I) Zosi// - //ZCS(”*Q) Number of MOSFETs  Voltage of equivalent Equivalent parasitic
Vo Vi in series n interference source V/ capacitance C
+ + x(Zosi//Zes2//] /] Zcsn
Zesi/ ] Zese ch1) ( 1/ [Zes2/] -] ) 1 Vs Cs
(16) 2 1.5 Vs 2 Cs
3 2 Vs 3Cs
Vvt =i+ Voor T S5 o
Zesi//Zos2/] |/ Zcsm-1)
Voo Vs Vi >
+ + +
Zosi/] -/ Zosm-2)  Zosi//Zes:  Zeosi
* (Zesi//Zcsa/] -]/ Zosn) "
v & CM voltage with four MOSFETs
= < n 3 CM voltage with ten MOSFETs
Zesi//Zos2/] /] Zcsa Z S R
‘/n 1 + ‘/7L72 ;:‘\
ch1//ch>2// N Zeswm-ry  Zesil] /] Zesm-2) 3
v Vi > H
+ + * (Zosi//Zes2/] ]/ Zcsn £
Zesi//Zosy  Zeosi (Zesi/[Zesz/[ /] ) <
- Vin -1
Z *(Zesi//Zes2 /] |/ Zecsn) -
el CSI// // 1x10° 1x10° 1x10 1x10°
fHz
(17)
Fig. 12. Mathematical model of the switches’ numbers and their CM inter-
02051//052//"'//Cn =Cq+Cso+---+C,. (18)  ference spectrums.

Next, we verify the initial value. If n = 1,V = V] and C' =

Csl~
If’I’L:2’
Va Vi )
V= n P s
<ZCSI//ZCSQ Zcs ( CSl// CSZ)
Cchl//CSQ:CSl‘i’OSQ,

Therefore, that is the end of the proof and the final equivalent
voltage and capacitance are

V= Z Z051// //ZCSm

*(Zosi//Zcs2/] -]/ Zcsn)
C:Csl//CSQ//"'//Cn :Csl+052+"’

19)

+ Con (20)

where Z.1—Z, 4, are the impedance of Cy;-Cl,, .

E. Quantitative Analysis for the Mathematical Model of the
UHV-SMPS’ CM EMI

Since the n MOSFETs are equally sharing the same voltage
in the UHV-SMPS, it could be assumed that V; to V,, shown
in Fig. 8(a) have the same value which is called V;, and their
parasitic capacitance between drain and ground is C;. Thus, it
is more easily for the discussion in quantitative analysis to the
mathematical model below.

By (19) and (20), MOSFETs serial number n, equivalent
interference source voltage V, and the equivalent parasitic ca-
pacitance C between the drain and ground are shown in Table 1.

From (19), (20), and Table I, it can be concluded that when
MOSFETs are in series, the equivalent interference source
voltage decreases compared with single MOSFET’s interference
source voltage (example: the equivalent interference source volt-
age is 2500 V when four MOSFETs in series to share 4000 V
input voltage, which is smaller than the interference source volt-
age of 4000 V with single MOSFET to bear 4000 V input voltage);
however, the parasitic capacitance of drain-to-ground increases,
so both sides of the effect to the interference source voltage need
to be comprehensively considered.

From the CM interference mathematical model in Fig. 8 and
(19) and (20), using software Mathcad to the mathematical
model, the serialization of MOSFETS, the number of MOS-
FETs in series, and the CM interference spectrum detected by
LISN are shown in Fig. 12.

It can be seen that when the input voltage is 4000 V, the
more MOSFETSs connected in series, the more severe the CM
interference. For example, in 190 kHz from Fig. 12, CM voltage
of single switch is 112.36 dBuV, CM voltage of four switches
in series is 118.55 dBpV, and ten is 125.42 dBu/V.

FE. Influence of mosfet dv/dt Slope

The analysis above is based on the assumption of ideal square
waves of V. However, the slope of dv/dt is another key fact
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in the CM EMI discussion decided by the Vjs voltage change
according to the working of the converter. And the dv/dt could
be reflected by the rising time 7). and falling time T of V.
The 7T, is defined as the period from the rising of V5 to the
beginning of oscillation M1, and the T is defined as the period
after the end of oscillation M2 to zero. In the analysis below,
what we concern is the influence of dv/dt on EMI in series-
connected topology but not the difference between 7). and T7.
Thus, in order to simplify the further discussion, we assume
that the slopes of rising time and falling time are the same for
convenience of analysis. In this paper, due to the ultrahigh input
voltage, the MOSFETSs have to be connected in series. And all
power switches connected in series should have the same dv/dt
because of the Vj, voltage balance.

As for the comparison of single MOSFET dv/dt and multiple
MOSFETS dv/dt, there are two representative types as shown
in Fig. 13. One is the same dv/dt as shown in Fig. 13(a) with
1000 V 1 pus and 4000 V 4 us. The other is the same 7, and T
as shown in Fig. 13(b) with 1000 V 1 s and 4000 V 1 ps. Then,
by mathematically modeling the CM interference as Fig. 12
shown with the 4 kV input voltage including the dv/dt and stray
capacitance Cj, the CM interference spectrums of two types
dvldt above are shown in Fig. 13(c). It can be seen that the
slope of dv/dt influences more on the CM interference in the
low- and medium-frequency domain (150 kHz—6 MHz). And
the sequence of CM values from high to low is: four 1000 V
1 us MOSFETs connected in series, single 4000 V 1 ;is MOSFET,
single 4000 V 4 s MOSFET.

If the dv/dt of 4000 V MOSFET is increasing as shown
in Fig. 13(d), the CM interference in the frequency domain
500 kHz—6 MHz would be greatly enlarged. The 4000 V 500 ns
MOSFET has almost the same CM interference value with 1000 V
1 us series-connected MOSFETs, which has eight times dv/dt
difference. And CM interference value of 4000 V 100 ns MOS-
FET is 5-10 dBuV larger than 1000 V 1 us series-connected
MOSFETsSs, which has 40 times dv/dt difference.

Thus, during the design process, the dv/dt influence and serial-
ization structure influence on EMI need to be overall considered.

IV. DESIGN CONSIDERATION
A. Analysis of Voltage Unbalance Causes and Solutions

For the series-connected MOSFETS, voltage balance is the
most serious challenge. It includes static and dynamic balance.
Static unbalance is mainly caused by different static characteris-
tics of the MOSFET itself and can be solved by parallel resistance
for each MOSFET. Usually, the static balance resistance Rgtatic
equals to 1/10Rorr, where Ropr is the leakage resistance of
MOSFET. Dynamic unbalance is caused by the inconsistent op-
erating time of each MOSFET in switching instants, including
different dynamic characteristics and inconsistent delay time of
driver. Because the switching process is very short, it is difficult
to achieve the dynamic balance.

The causes for the voltage unbalance of series-connected
MOSFETS can be generally divided into three parts. The most
important cause is that the parasitic capacitances which influ-
ence the structure of the circuit, like the distributed capacitance
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Fig. 13.  Mathematical model of the EMI source. (a) V35 waveform of MOS-
FET under same dv/dt. (b) Vs waveform of MOSFET under the same 7). and T’ .
(c) CM interference spectrums of Vs waveforms. (d) CM interference spec-
trums of Vg waveforms with increasing of dv/dt.

(Cs) between the drain and the grounding heat sink of MOS-
FETs [15]. Then, the gate signals of the series-connected
switches need to be strictly consistent. A large difference of
Vis will be caused when a tiny inconformity of the gate sig-
nals between the switches happened. Besides, the diversity and
differentiation of the series-connected MOSFETs (like the dif-
ference of the parameter Ry (on), Cas) Will lead to the voltage
unbalance.

Therefore, in the series-connected UHV-SMPS, it should be
ensured that all switches have the same pattern and batch. So
that the influence of switch itself can be reduced. Then, a new
gate-driving solution needs to be proposed in order to solve the
inconformity of the gate signals among the series-connected
switches.
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Il

Fig. 14. Influence of parasitic capacitances on voltage unbalance.

However, the most important cause for voltage unbalance is
the parasitic capacitances in power circuit. The parasitic ca-
pacitances will cause voltage unbalance even the drivers and
MOSFETs are consistent.

During switching transients, the voltage Vg5 of each MOSFET
changes rapidly; thus, there are currents (/.5 to I.4;) passing
through the parasitic capacitances Cy1, Cso, and Cy; as shown
in Fig. 14. Their magnitude can be expressed with

dv;isi

Ics’i - Csi
: LT

i=1

21

Here, Iy, I, I», and I; are, respectively, the currents going
across the primary side of the transformer, MOSFET 1, MOSFET
2, and MOSFET <. It has

Iy=1 + Ly (22)
L =1+ I (23)
Iy =1 + L. 24

So
L >0 >->1. (25)

Additionally, a research [31] has shown an analytical formula
which calculates the switching speed for MOSFET power device
according to its current [;

dvds _ Il +gm * (‘/th - Ut)
dt Cep * (1 + Rg * gm) + Cys + Casoxt .
According to (26), the higher the current passing through the
MOSFET, the higher the switching speed of the MOSFET

d‘/dsl dVds2 dVdsi
> > > .

dt dt dt
Therefore, the voltage across MOSFET 7 at the end of the
turn-off switching transition is higher than the one of MOSFET

i+1(i=1,2,3...), which will cause the breakdown of the
MOSFET 4.

(26)

27)
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Fig. 15. Equivalent circuit when MOSFETS turn off. (a) Parasitic capacitances

of N MOSFETs in series. (b) Equivalent circuit structure after simplification.

The parasitic capacitances of Fig. 14 can be simplified as
equivalent circuit (see Fig. 15). R and Lg are the resistance and
inductance of the power circuit, respectively. Because of the par-
asitic capacitances, equivalent capacitance between drain and
source of each MOSFET is different. When the MOSFETSs turn
off, the equivalent capacitance is charged by input voltage, then
each MOSFET will have different dvgs/dt which lead to volt-
age unbalance. Ceq1 to Ceq; (i = 1,2,3...) are the equivalent
capacitances between drain and source.

For example, five MOSFETSs are connected in series and the
value of Cys1 — Cyss equal to 100 pF, while the Cs; — Cys
equal to 50 pF on the basis of following analysis.

Cys 18 a parasitic capacitor between drain and source of MOS-
FET, which can be calculated as (28) according to datasheet

Cds = C(oss - Crss~ (28)

Considering the size, cost, and reliability of the circuit, the
high voltage level MOSFET is needed in order to decrease the
number of MOSFETSs connected in series. Some MOSFET mod-
els with high Vg, level and their Cy are listed in Table II ac-
cording to their datasheets. It can be seen that Cy5 ranges from
10.7 to 245 pF. For purpose of intuitively and generally describ-
ing the modeling to voltage unbalance with series-connected
MOSFETs, 100 pF is chosen for calculation convenience.

The parasitic capacitance C is important in the voltage bal-
ance analysis and the CM interference modeling. However, its
value cannot be measured by experiment; thus, it needs to be
obtained both by calculation and simulation.

On one hand, from datasheet of C2M1000170D, the drain
area of MOSFET can be approximately calculated as follows:

2

S=DlxFl—n (‘5) = 209.26 mm?>. (29)

The drain of MOSFET is connected to the heat sink and the heat
sink is connected to the chassis of converter (ground). Between
the drain of MOSFET and heat sink is the insulation spacer which
could insulate the high voltage of MOSFET to ground. AlyOj3
ceramic insulation spacer is selected because of its high heat
conductivity, high dielectric strength. Al, O3 ceramic insulation
spacer’s relative dielectric constantis 9.77, thickness is 0.36 mm,
and breakdown field strength is 65 kV/mm. Thus, C can be



6004

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

TABLE II
(4 OF HIGH-VOLTAGE MOSFET

Model STP4N150  STF12N120K5 STWONI150 WPH40031E  C2M1000170D  SCT20N120
Vs (V) 1500 1200 1500 1700 1700 1200
Coss (pF) 120 110 280 90 12 65
Crss (pF) 12 0.6 35 27 1.3 14
Cy. (pF) 108 109.4 245 63 10.7 51
1
chg = — I + Cyss = 129.5pF (33)
Coqs Ceqa Cs3
1
Ceq4 = — T Cysa = 137.5pF (34)
Coqs Csy
Cogqs = Cg5 + Cag5 = 150 pF. (35)

Fig. 16.
3-D.

Voltage filed of C2M1000170D simplified model in ANSY S Maxwell

calculated as follows:

g5, S 9.77%8.85% 10717 % 209.26 % 107°
S d 0.36 % 107

= 50.26 pF.

Cs
(30)

On the other hand, based on the parameters above, the model
of MOSFET is built in ANSYS Maxwell 3-D simulation software
to verify the result. The voltage filed of Cree C2M1000170D
simplified model is shown in Fig. 16. The MOSFET (red) is mod-
eled according to the datasheet of C2M1000170D and its mate-
rial is set as copper. The gray one is the heat sink which is set
to aluminum. Between the MOSFET and heat sink is the Al;O3
ceramic insulation spacer, and its relative dielectric constant and
thickness are 9.77 and 0.36 mm.

After electrostatic simulation, C is 52.831 pF which basi-
cally matches with the calculation result. The error is caused by
the MOSFET boundary effect to the ground in ANSYS Maxwell
3-D simulation, which could be more accurate than calculation.

Therefore, with overall consideration of calculation and simu-
lation results, C; is chosen to be 50 pF for analysis convenience.

Then, C¢q1 to Ceqys can be calculated as follows:

1
Ceqr = — I 1 1 — + Cas1
Ceqs Ceoqu Ceqs Coq2 Cs1
= 120.1 pF 31
1
Cqu = — T I — + Cys2 = 124 pF (32)
Ceqs Coqa + Ceqs Cyso

According to (31)—(35), it can be seen that with the number
of MOSFETs i (i = 1,2,3...) increasing, the equivalent ca-
pacitance corresponding with each MOSFET C,, getting larger
as (36) shows, which further reflects the result of (27)

Ceql < Ceq2 <--- < ch(ifl) < Ceqi- (36)

By (36), the regulation to choose C.,,, can be designed as
follows, assuming that Cys; — Cys; equalto Cys1 and Cyq — C;
equaltoCy (i = 1,2,3...), Cecom 0f MOSFETS 1-n are defined
as Ccoml *Ccomn-

First, since Ceq1 = Ceq2 = ... = Ceqi is needed, the rela-
tionship of Ceopm1 to Ceom; can be expressed as follows:

Ccoml > Ccom? > > Ccom(i—l) > CCOHM" (37)

Next, according to (31)—(35), the generalized formulas (38)—
(41) are shown as follows:

1

Ceqt = 1 1 — + Cast
Ceqi Ceq(i-1) oot Coq2 + Cs1
(38)
c ! +C
eq2 — 7 1 1 1 ds2
chi + Ceq([—l) + o + ch::‘. + C_SZ
(39)
1
Ceq(i—l) = 1 1 + Cds(i—l) (40)
Cleqi Cs(i-1)
Ceqi = Cuysi + CSi~ (41)

Finally, C.om1 to Ceomi can be listed as (42)—(45), while
Cofiset 18 the benchmark compensation capacitance:

Ccoml = Ceqi - Ceql + Coffset = Cdsi + Cﬁi
1
- 1 1 + + 1 + 1 - Cdsl + Coﬁlset
Ceqi Ceq(i-1) Ceq2 Cs1

(42)
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Fig. 17.  Voltage balance circuit. (a) Traditional RC snubber. (b) Proposed RC
snubber.
CcomQ = Ceqi - Ceq2 + Coffset = Cdsi + Csi
1
- 1 T 1 T T 1 T T Cds? + Coffset
Ceqi Ceq(i-1) Ceqs Csa
(43)
Ccom(i—l) = Ceqz' - ch(i—l) + Cotrset = Casi + Ci
1
S I S Cas(i-1) + Coffset (44)
Ceqi Cgio1)
Ccomi = Uoffset - (45)

Traditionally, the spike absorption of the MOSFET Vg5 is
achieved by the RC snubber which contains a resistor and
a capacitance shown in Fig. 17(a) [32]. In the UHV-SMPS,
due to the series-connected MOSFETS, the RC snubber not
only achieves the spike absorption, but also accomplishes the
mission of dynamic voltage balance of series-connected MOS-
FETs. Therefore, the two targets may not be realized very well
synchronously.

In this paper, by adding compensatory capacitor to RC snub-
ber circuit like Fig. 17(b) shows, the dynamic voltage balance
could be realized first and then the RC snubber is used to sup-
press the spike of Vs which can make a good realization of
both dynamic balance and spike absorption. Fig. 17(b) shows
the pattern of the passive snubber circuit which can be divided
into two parts. Ceom, RCaynamic_snubber are the dynamic bal-
ancing subcircuit and R, is the static balancing subcircuit.

Then, the traditional RC snubber and the proposed RC snub-
ber with compensatory are compared together through simu-
lation based on the parameters from (31) to (35). If the five
MOSFETs are connected in series and the input voltage is 4 kV,
all parameters are listed in Table III.

1) Proposed RC Snubber With Compensatory Capacitance:
From the equivalent capacitance in Table III, compensatory ca-
pacitances are added to all MOSFETSs to make the equivalent
capacitance all equal to 170 pF. The dynamic voltage waveforms
before adding compensatory capacitances and after adding com-
pensatory capacitances are shown in Fig. 18(a) and (b). It can
be seen that the dynamic voltage balance could be achieved by
adding compensatory capacitances; however, the spike of Vg
is still large. Then, the RC snubber with 10 k2 and 100 pF is
added to each MOSFET, and the Vj, waveforms are shown in
Fig. 18(c) which shows a good consistency of five V4 voltage
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Fig.18.  Simulation of dynamic voltage balance with the proposed RC snubber.
(a) Without any measures. (b) With compensatory capacitance. (c) Add extra
RC snubber.
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Fig. 19.  Simulation of dynamic voltage balance with traditional RC snubber.

with peak value of 900 V and equalizing time of 13 ns. And the
loss in the proposed RC snubber can be calculated as follows:

1 1 ,
Prc com = 5CU2 # [ #5 = - (100 + 107'2) % 900% + 10* 5

—2.025 W. (46)

2) Traditional RC Snubber: By adding 551 pF 10 k(2 to
MOSTI, 545 pF 9 k2 to MOS2, 500 pF 10 k€2 to MOS3, 492 pF
10 k2 to MOS4, 481 pF 9 k2 to MOSS, the waveforms of Vg
are shown in Fig. 19. It can be seen that the peak value of Vy; is
920V, the equalizing time is nearly 70 ns, and the RC parameters
are chosen by repeated attempts. And the loss in the traditional
RC snubber can be calculated as (47), which is four times than
the proposed RC snubber method

1
Pre :§CU2*f*5

1
= 5(551 + 545 + 500 + 492 4 481) * 10712 % 900% % 10*

= 10.404 W. 47
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TABLE III
PARAMETERS OF TRADITIONAL RC AND THE PROPOSED RC METHODS

Number MOS 1 MOS 2 MOS 3 MOS 4 MOS 5
Equivalent capacitance 120.1 pF  124pF  1295pF 137.5pF 150 pF
Static resistor 500 k2 500 k2 500 k2 500 k2 500 k2
Traditional R 10 k2 9 k2 10 k2 11 kQ2 9 k2
Traditional C 551 pF 545 pF 500 pF 492 pF 481 pF
Proposed compensatory capacitance Ccom 49.9 pF 46 pF 40.5 pF 32.5 pF 20 pF
Proposed R 10 k2 10 kQ 10 kQ 10 kQ 10 kQ2
Proposed C 100 pF 100 pF 100 pF 100 pF 100 pF
DC+
In conclusion, the proposed RC snubber with compensatory Cqi % s,
capacitance has more advantages than the traditional RC snubber 5 M
which can be listed as follows: Dz-l— l0ka
1) more standardized parameters design method by separat- :
ing the dynamic voltage balance process and the spike Cq |';} s,
absorption process; = N
2) better consistency of V, waveforms; Ro G ¢D2== [:_lwm
3) faster voltage equalizing speed; DRIVE Sl L
4) lower loss of RC snubber. B
. Driving Metho § <3 s,
B. Driving Method Co
In order to guarantee the voltage balance, the driver must é :;Bm [jwm
have a good consistency. For series-connected MOSFETsS, the . "
reference electric potential of driver is floating and the voltage 1:1 pe- &
between two adjacent switches is high. So between the power
circuit and driver as well as each two driver require a high iso-  Fig. 20.  Proposed integrated pulse transformer driver topology.

lation voltage. Traditionally, some scholars use optocoupler in
driver circuit to realize the high isolation voltage [18]. However,
it costs too much and the driving signals may not in consistency,
because each switch needs an optocoupler for its driver. Then,
the usage of a pulse transformer can be easy to achieve higher
level isolation voltage and has rapid response-speed, high re-
liability. Because the wide input voltage range is needed, the
pulse transformer driving circuit has been selected, which has
decoupling capacitors at both sides of the transformer in order to
get a stable magnitude of the driving pulse. However, there are
some new challenges to be solved, and the design consideration
of the driving method has been focused on.

On one hand, the conventional driving circuit is that one
MOSFET is driven by one pulse transformer. However, it would
cost much and take up lots of space. Therefore, in this paper,
an integrated pulse transformer is proposed and the topology
is shown in Fig. 20. It has one primary winding and several
secondary windings which have the same topology. It has a
good consistency, simple structure, and high reliability owing
to the special winding method. C;1—C),, are applied to raise the
drive level under high duty cycle which are called “displacement
capacitance.” D11, Dy9—D,,1, D, are the Zener diodes for the
purpose of SiC MOSFETs gate voltage being limited to -5 V to
+18 V range.

On the other hand, the leakage inductor of each winding
needs to be minimized, because it would affect the consis-
tency of output signals. To do this, we use three measures. First,
the toroidal core is applied to driving transformer. Because the

window width of toroidal core is much wider than other core
types, its leakage inductor is much smaller under the same num-
ber of turns. Second, we select VAC-W531 nanocrystal magnets
core and set its turn number to only 11. This smaller number of
turns leads to a reduced leakage inductance. Third, we wind the
coils uniformly around the toroidal core. The relative position
and interval between the primary winding and secondary wind-
ing are the two main causes of leakage inductance. Strikingly,
these three methods have kept the leakage inductance of each
winding to a minimum.

From Fig. 20, the drive circuit of MOSFET S; is chosen for
analysis as follows:

1 TS
U = = / Usodt = DUpgy 48)
Te 0
I
Ua = 7 / Usrdt = DUpry — Up 49)
s JO
Ves = Uprv — Uco —Uc1 = Uprv — Up (50)
Up =Upi1 +Upis. (51)

From (50), it can be seen that the driver output voltage Vj is
independent of the duty cycle D. Therefore, this proposed driver
method is suitable to the duty cycle variation situation.
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TABLE IV
AUXILIARY POWER SUPPLY DESIGN SPECIFICATIONS

Parameter Specification
Input voltage 4000 V dc
Rated input voltage 2400 V dc
Output voltage/power 160/60 W
Line regulation <*1%
Load regulation <*1%
Stable voltage accuracy <*1%
Ripple voltage <0.5Vdc
Efficiency (rated voltage input) >80%
No-load loss <1I0£1W

1) Input—output: AC5000V
2) Output—output: AC2500V

Voltage withstand level

TABLE V
COMPONENTS AND PARAMETERS OF THE PROTOTYPE

Components Parameters
Input voltage (Vi) 300-4000 V dc
Output voltage (Vout) 160 V dc
Maximum output power (P, ) 60 W
Switching frequency (f) 10 kHz
Turns ratio of transformer (1, : 1) 271:160
Primary winding inductance (L, ) 13 mH
Primary-side MOSFETs C2M1000170D
Secondary-side diodes DSA2-16A
Output capacitances (Cy1, Cp2) 330 uF

Fig. 21.  Photograph of the prototype. (a) Experimental environment. (b) Pro-
totype of the proposed UHV-SMPS.

V. EXPERIMENTAL ANALYSIS
A. Experimental Platform

In order to verify the accuracy of the above modeling and
simulation, this paper sets up an UHV-SMPS based on series-
connected SiC MOSFETs for MMC-HVDC auxiliary power
supply, and the main design specifications are shown in Table IV,
the circuit parameters are shown in Table V, and the prototype
is shown in Fig. 21.

Some crucial components and parameters are designed ac-
cording to the considerations below.

1) Switching Frequency: The maximum input voltage of
UHV-SMPS is 4000 V. When 4000 V is used as input volt-
age, the duty cycle of MOSFET would be very low (almost 1%).
According to the experimental test, if the switching frequency is
high, the driver signals cannot generate correct voltage because
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Fig. 22.  Structure of main transformer.

of too small period during ON time. Therefore, 10 kHz is chosen
as the switching frequency after many tests.

2) MOSFET: As the rated operational voltage is 2400 V
and maximum operational voltage is 4000 V, the loss is really
considerable. SiC MOSFET has much lower loss than traditional
Si MOSFET due to its small parasitic resistance like Rqg(on)-
And because of the considerable loss, MOSFET would be really
hot during operation. SiC MOSFET can work more stable in
high-temperature environment than Si MOSFET. Therefore, SiC
MOSFET is selected as main power switch. Then, considering the
ultrahigh input voltage, SiC MOSFET C2M1000170D from Cree
Corporation is chosen which could bear 1700 V voltage.

3) Main Transformer: The structure of main transformer is
shown in Fig. 22 which contains one primary winding, one
secondary winding, two auxiliary windings, and Faraday shield.

The main transformer is designed based on the AP method.
The manganese zinc ferrite material TP4A with EE65 type is
used as the magnets core and its working magnetization density
is chosen to 200 mT. Primary winding inductor L, and peak
current can be calculated as follows:

_ (Vvinmin Dmax )2

L, = =13 mH 52
v 2-Pinfs m ( )
Vvinmin Dm X
Idspeak = —L f X = 1.108 A. (53)
pJs

The number of turns of primary and secondary windings is
calculated as follows:

LpIdspeak
N, = 135.6 (54)
N o (V:) + VD)(]- - Dmax)Np _ 80 (55)
o ‘/inmianax B .

To avoid the skin effect of the conductor and reduce the diffi-
culty of winding, the multistrand winding method is adopted. It
can increase equivalent cross-sectional area of the winding, in-
crease magnetic coupling, and reduce the leakage magnetic field.
The triple insulated wire with conductor diameter 0.25 mm, ex-
ternal diameter 0.45 mm, and cross-sectional area 0.159 mm? is
chosen. Two triple insulated coils are parallel winded. Thus, the
turns of primary winding and secondary winding are doubled to
N, =271 and Ny = 160.
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Fig. 23. V45 waveforms under 500 V input voltage without any dynamic
equalizing methods. (a) Waveforms of MOSFET 1, 2, 4, and 5. (b) Waveforms of
MOSFET 1, 2, 3, and 4.

Five SiC MOSFETs in series are used in auxiliary power
supply, which contains the RCD snubber circuit and MOSFET’s
passive snubber circuit between the drain and the source. The
pulse transformer driver is used to drive five MOSFETSs, which
are controlled by a UC2844 chip.

To avoid the dangerous situation of short circuit due to the
capacitance aging or breakdown of MOSFET, the following mea-
sures are adopted to protect the circuit. First, the high-voltage
multilayered ceramics chip capacitances from AVX Corpora-
tion which has 2 kV voltage (only 900/2000 = 45% is used as
maximum value) are used as the dynamic compensatory capac-
itance and RC snubber capacitance, which has low equivalent
series resistance and high dc blocking voltage. Next, the high
Vias MOSFET C2M1000170D which could bear 1700 V voltage
(only 900/1700 = 53% is used as maximum value) is used,
which has abundant margin. Finally, the Vg4 voltage protection
circuit is adopted. If one MOSFET is brown down, the Vg, volt-
ages of other MOSFETs would get larger. Then, the control
chip UC3844 output would be clamped to zero, which means
that the output of driving circuit is zero. Therefore, all MOS-
FETs in main circuit S7 to S5 would be turned off which are
protected. The ERROR signal is delivered to the input of the
UHV-SMPS and the converter would be powered off.

B. Experimental Results

Fig. 23 shows the voltage sharing of MOSFETSs without any
dynamic equalizing measures when the input is 500 V. By
presenting the waveform 1234 at one time and the waveform
2345 at another time, the waveform 12 345 could be com-
pared together. It can be seen that the experimental results agree
with the theoretical analysis as (27) shows. Vg is larger than
Vasi+1) (2 = 1,2,3,4) because Ceq; is smaller than Cq(i1)-
Besides, the spikes of five MOSFETs are very large due to
lacking of RC snubber circuit.

Then, the parallel compensatory capacitances C.op1 t0 Ceoms
are added (65, 62, 57, 45, and 22 pF from the first to last) to
MOSFETs according to (37)—(45). After dynamic compensa-
tion, all equivalent capacitances are approximated to 82 pF, and
the compensatory capacitances values and their errors are shown
in Table VI. It can be seen that all errors are smaller than 1%,
which makes a good consistency of equivalent capacitances.

Because of the voltage spike, RC snubber circuit is added
with the value of 5 k2 and 47 pF. When the input voltage is
2400 and 4000 V, the maximum value of Vg, is 600 and 900 V
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TABLE VI
COMPENSATORY CAPACITANCE VALUE AND ERROR

Number Cl1/pF C2/pF C3/pF C4/pF C5/pF
Original value 16.5 19.8 25.8 37.3 60
Compensatory value 18 +47 15+47 18439 18+ 27 22
Final value 81.5 81.8 82.8 82.3 82
Error 0.61% 0.24% 0.98% 0.37% 0

s MOSFET2

Vo~V [200V/div]

MOSFET4

600V

4

e Time:[10ps/div]
(a)

o Time:[10ps/div]

(b)

Fig. 24. Vg, waveforms with compensatory capacitance and RC snubber
circuit. (a) Under 2400 V input voltage. (b) Under 4000 V input voltage.
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Fig.25. Vs waveforms of MOSFETs in series with the displacement capac-
itance. (a) Duty cycle = 50%. (b) Transient period.

(as shown in Fig. 24).The MOSFETs has a preferable purpose
for voltage balancing.

Fig. 25 shows V,, waveform of each MOSFET with the dis-
placement capacitances C; — C5 which value 1 pF. It can be
seen from the waveforms in Fig. 25(a) that the driver output
voltage V,, is 16-18 V when the duty cycle equals to 50%. And
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Fig. 26. CM voltage spectrum under 500 V input voltage. (a) Experimental
spectrum with single MOSFET. (b) Experimental spectrum with five MOSFETs
connected in series. (¢) Theoretical spectrum with single MOSFET (blue) and five
MOSFETsS (red) connected in series.

from Fig. 25(b), the five MOSFETs have a good consistency
with the delay only 15 ns.

The experimental results show that the method to guarantee
the voltage sharing of MOSFETSs connected in series as men-
tioned in Section IV is feasible, and the purposed UHV-SMPS
can work stably and reliably.

C. CM Interference Experiment

The LISN is installed on the input side of the UHV-SMPS to
detect CM voltage. Considering the maximum withstand voltage
of LISN, the dc input voltage is limited to 500 V. Because
the motivation of this paper is to study the EMI mechanism
of switches with series-connected structure both in qualitative
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and quantitative analyses, EMI filter have not been designed
yet. When using a single MOSFET, CM interference spectrum is
shown in Fig. 26(a). When using the five MOSFETs in series,
CM interference spectrum is shown in Fig. 26(b).

From Fig. 26(a) and (b), it can be see that in the frequency
bands between 150 kHz and 1 MHz, the CMYV of five MOSFETs
is obviously higher than one MOSFET about 5-10 dBuV, which
is consistent with the theoretical result shown in Fig. 26(c). Over
1 MHz, the CMV of five MOSFETsS is only a little higher than
one MOSFET, because of the high-frequency parasitic parameters
impact, which is in accord with the quantitative analysis of
mathematical modeling in Section III. The reduction of EMI
would be considered in our next vision of UHV-SMPS. 1t is
really hard to design an EMI filter for ultrahigh voltage (4 kV)
application. And the experimental prototype is a product being
developed for a company. The cost and size of the converter
are really important. In the future, EMI of the converter may be
suppressed by the printed circuit board layout or control method
which does not need the EMI filter.

VI. CONCLUSION

In this paper, a 4000-V-ultrahigh-input-switched-mode power
supply using series-connected MOSFETs is proposed and inves-
tigated. The challenges of the proposed scheme include the CM
interference model of multiswitch and voltage balance of the
switches. First, the CM interference of UHV-SMPS is evaluated
by a high-frequency equivalent model of the proposed scheme.
And a detailed multiswitch CM EMI mathematical model is
derived and the interference quantity is calculated according to
the coupling of series-connected switches. Second, a new design
regulation for passive snubber circuit is proposed to realize input
voltage balance. Through the regularity of the equivalent para-
sitic capacitances, the design of compensatory capacitance and
voltage balance can easily be achieved. Third, a novel driving
method based on the integrated pulse transformer is proposed. It
can achieve both good consistency to the gate signals of MOS-
FETs and ultrahigh isolation voltage in the wide range input
applications. Finally, the experimental results obtained from a
300—4000 V wide range input prototype verify the feasibility and
validity of the proposed scheme and the theoretical analysis.

The proposed UHV-SMPS in this paper is the second vision.
In this vision, the emphasis is put on the EMI analysis, real-
ization of voltage balance and driving method. However, the
converting efficiency of UHV-SMPS is not good and the loss
of converter needs to be minimized. In the future, there are two
objections for the next vision. One is the optimization of the loss
and efficiency. The other is the design of the EMI suppressing
method.
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