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Abstract—Silicon carbide diodes are commonly used in high volt-
age (HV) power supply rectifiers due to their ability to operate at
high frequencies and compact size. This article presents a thorough
analysis of how the diode’s junction capacitance affects the perfor-
mance of an HV power supply that includes an LCL/P resonant
network-based converter and a voltage multiplier. By taking into
account the voltage change across the diode due to resonance and
voltage buildup, the equivalent junction capacitance of the diode
is derived using charge equivalence, which leads to an equivalent
circuit of the converter. The analysis shows that the diode’s junction
capacitance can result in multiple operating points, which can
affect the HV power supply’s voltage gain and controllability. To
ensure a unique operating point and meet design specifications,
a parameter design method is proposed. The proposed method
is validated through simulation and experimental results from a
prototype with a 21-35 V input/3.4-4.4 kV output operating at 450
kHz.

Index Terms—Diode’s junction capacitance, high voltage (HV)
power supply, multiple operating points, silicon carbide (SiC)
diode.

1. INTRODUCTION

IGH voltage (HV) power supplies can be applied to ionize

gases, with applications covering a variety of fields such
as electrostatic precipitators [1], plasma generators [2], igniters
[3], [4], etc.

Insulation plays a critical role in HV power supplies. Tradi-
tionally, two methods have been employed to tackle this issue: in-
troducing an insulating medium [5], [6], [7] or increasing clear-
ance [7]. However, contactless transformers [26] have emerged
as a preferred solution due to their significant advantages in
isolation and insulation. Besides insulation, achieving HV gain
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TABLE I
IMPLEMENTATIONS OF A HV POWER SUPPLY
Ref Vin v, Voltage  Turns- Resonant Voltage
i vV (kV) gain ratio tank multiplier
Thummala
etal. [8] 24 2.5 104.17 16:375 \ \
Martin-
Ramos 400 150 375 12:1584 LCC \
et al. [6]
Singh ) half-wave CW
etal. [9] 120 2 16.67 14 LLC voltage multiplier
He et al. . full-wave CW
[22] 160 40 250 10:150 SP voltage multiplier
Gao et al. . half-wave CW
[26] 60 387 645 1:4.38 P oltage multiplicr

is also crucial for HV power supplies. Typically, transformers
with a large turns-ratio are utilized to accomplish this objective.
Nevertheless, a large turns-ratio leads to increased parasitic
capacitance, winding resistance, and volume. To address these
challenges, the combined use of transformers, resonant tanks,
and voltage multipliers has become the mainstream design ap-
proach for HV power supplies, as given in Table I. HV power
supplies require a special feature known as short circuit discharg-
ing operation [10], [11], [26]. To limit the energy released during
the discharging process, interrupting the converter through a
fuzzy logic control scheme [11] and increasing the impedance
of the resonant tank through a frequency regulating strategy
[26] have been proposed. However, achieving timely sensing
and response remains a technical challenge that has yet to be
resolved [11], [26]. In contrast, resonant tanks that behave like a
current source can offer a compact and reliable solution during
the discharging process due to their inherent current limiting
capability [12], [13], [14], [15], [16], [17], [18], [19], [20]. Two
commonly used circuits for converting a voltage source into a
current source are the LCL resonant tank [12], [13], [14], [15]
and the P resonant tank [17], as shown in Fig. 1.

Low-power HV power supplies require miniaturization,
which has led to an increase in their operating frequency to
several hundreds of kHz and MHz ranges [21], [22], [23], [24],
[25], [26]. Consequently, silicon carbide (SiC) diodes are em-
ployed in rectifiers [23], [24], [25], [26]. However, the parasitic
capacitance of the SiC diode cannot be ignored under high fre-
quency and HV working conditions. Previous research [23] has
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Fig. 1. Resonant tanks as current sources. (a) Norton’s equivalent of LCL tank.
(b) Norton’s equivalent of P tank.

demonstrated that the parasitic junction capacitance between the
diode interconnection node and the common line causes voltage
imbalance between series SiC diodes. Also, it has been found
[25] that the charging and discharging currents of the diode’s
junction capacitance play a significant role under conditions of
high frequency, HV, and low forward current in making the input
impedance of the rectifier capacitive. It has been shown [26] that
the capacitive input impedance of a voltage multiplier can reduce
the voltage gain of an HV power supply, assuming constant
junction capacitance. Previous studies [26], [27], [28] have
considered the impact of junction capacitance on the voltage
gain of an HV power supply, assuming a fixed junction capaci-
tance. However, the junction capacitance changes nonlinearly
with voltage variation across the diode due to resonance or
voltage buildup. By fitting the C-V characteristic curve in the
datasheet, a nonlinear model of the junction capacitance can be
derived. Accuracy of curve fitting has been verified for both Si
diodes [32], [33], [34], [35], [36] and SiC diodes [37], [38].
However, a nonlinear model has only been used to simulate
device switching behavior and has not been applied to study
its effects on converter performance. Furthermore, the C-V
characteristics of SiC diodes differ significantly from those of Si
diodes. Research has shown [39] that the junction capacitance
of SiC diodes is ten times larger than that of Si diodes with the
same voltage rating. Therefore, for an HV power supply, the
impact of the nonlinear junction capacitance of SiC diodes on
voltage gain, operating point, and stability is highly relevant in
practice.

Recent research on high-frequency high-voltage power sup-
plies has primarily concentrated on high-power applications
ranging from several kilowatts to tens of kilowatts, where the rec-
tifier diode’s junction capacitance is assumed to be fixed [28],
[29], [30], [31]. While HV products such as Teslaman, Spellman,
MORNSUN, and XP Power exist, only MORNSUN and XP
Power provide low-power HV power supplies that operate below
100 kHz and use Si diodes. To date, no reports have addressed the
challenges posed by the nonlinear junction capacitance of SiC
diodes.

The purpose of this article is to analyze the impact of
the diode’s junction capacitance on the voltage gain, input
impedance and the operating point of a HV power supply.
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Fig. 2. Proposed topology of HV power supply.

This rest of this article is organized as follows. In Section 1II,
the equivalent junction capacitance of the diode is derived based
on charge equivalence, considering the varying voltage across
the diode due to resonance and the varying output voltage.
The equivalent circuit of the converter is then derived. From
the analysis of the input impedance and voltage gain given in
Section III, the existence of multiple operating points and its
effect on the voltage gain and controllability of a HV power
supply are revealed. In Section IV, conditions of the existence
of a unique operating point are identified, based on which a
parameter design method is derived to ensure a unique operating
point that realizes HV gain and soft switching. A 21-35 V
input/3.4—4.4 kV output prototype is constructed for experimen-
tal verification, as reported in Section V. Finally, Section VI
concludes this article.

The major contributions of this article are as follows.

1) An accurate model of the nonlinear junction capacitance
based on charge equivalence is proposed, with consid-
eration of the varying voltage across the diode due to
resonance and voltage buildup.

2) The nonlinear junction capacitance of the SiC diode has
been shown to cause multiple operating points in HV
power supplies, which would affect the voltage gain,
impedance, and stability of the power supply.

3) A parameter design method is proposed for eliminating
multiple operating points in HV power supplies.

II. EQUIVALENT CIRCUIT OF HV POWER SUPPLY

The equivalent junction capacitance of the diode will be
derived in this section, taking into consideration the voltage
variation across the diode due to resonance and varying output
voltage. Then, the operating modes of the voltage multiplier and
the equivalent circuit of the converter will be discussed.

A. Circuit Description

Fig. 2 shows the adopted topology of the HV power supply,
which is composed of a full-bridge inverter, an LCL/P compen-
sated contactless transformer, and a three-stage half-wave CW
voltage multiplier. The contactless transformer has a primary
winding inductance L p, secondary winding inductance Lg, and
mutual inductance M. The load consists of a resistance R, and
a capacitance C, connected in parallel. Resistance Ry, limits
the current during short-circuit discharging operation. Output
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TABLE II
CHARACTERISTICS OF LCL/P RESONANT TANK

<+ I ]
ioMi JoMi State Expression
STF = P
equivalent circuit Discharging 0
Voltage gain state
+ ‘Voml . ‘ ‘
Vst G, = | 7 | Charging M 1
Z 481 state L, . . 1
T+ jo(Ls + L)(joC + ?)
> Seconda Discharging i
P Iy im edan?e]: state jolls +1,)
% LstL,3 Ty P
Vg = Lr ; = | JjoMI, . 1
JjoL, 1,CCr S M, & 7 91 Zs = I Charging Jo(Ls+L.,)+
oMiN  |Ls+ L] ¢ s state joCs+—-
Norton's equivalent circuit ¢
(b) Discharging 2/
Reflected state (@M)* [ jox(L + L)
Fig.3. Equivalent circuits of LCL/P resonant tank in (a) discharging state and 1mpedaﬁce . M)
(b) charging state. z, =12 oMy . (M)
Iy Charging Jo(Ls +1,)+
state - joC, +—
voltage regulation is achieved by varying the input voltage Vi, Sz,
through a non-isolated converter. . o Input Discharging o+ ) (Gl (M)’ )
Using the fundamental harmonic approximation [16], [17], impedance state " jeC, " jo(Lg+L,,)
[18], [19], [20], the equivalent circuits of the LCL/P resonant Vi . 1
. . . . R Z, = 7 Charging jolL,, + 1 (GOLp + Z ; arging siaer)
tank in different operating states are shown in Fig. 3, where s state e / (charging st
Z. represents the equivalent input impedance of the voltage
multiplier. To achieve a load-independent current ip, L,; and | il
C, are in full resonance, which gives ” 14 _II/Ict"h ti. —}/I;, is Yie
: Vapt | |22V K01y VR oy g sy =i
Ip| = =|-= . (D Cul™ D2 [Cul ™ D3| Cu| = Dy ] Cul = Ds|Cal = Ds | Ca| ~
P - -
Jwlp Jwly G| Cyl| C|
= | AT =1
: . . . Vea Ves Ves
According to Fig. 3, the voltage gain and impedance charac- [1Co
teristics of the LCL/P resonant tank in different operating states ! R
are derived, as given in Table II. It can be seen from Table II that _._." T
Vo

the magnitudes of Z;,, and Zg are bounded in the discharging
state. Due to constant i p, tank currents i 4 g and ig are inherently
limited, which is desirable for practical applications.

From Table II, the value of Z. affects the voltage gain and
the impedances of the LCL/P resonant tank in the charging
state. Under high frequency and HV operation, Z, is capacitive
due to the presence of the junction capacitance of the diode
in the voltage multiplier. It is necessary to further analyze the
impedance characteristics of the voltage multiplier in order to
obtain a numerical model of Z,.

B. Analysis of the Rectifier

Considering the nonlinear junction capacitance of the diode,
a three-stage half-wave CW voltage multiplier is illustrated in
Fig. 4, where input current iy is sinusoidal due to resonance,
i.e.,

iVM = Im sin(wt). (2)
There are four operating modes in a switching cycle. The

corresponding equivalent circuits and key waveforms are shown
in Fig. 5. The following assumptions are made in our analysis.

Fig.4. Three-stage half-wave CW voltage multiplier considering the junction
capacitance of the diode.

1) D1—Dg, C1—Cg, and C,, are ideal.

2) C1—Cg and C, are large enough to be treated as voltage
sources with Vo1 = V, /6, Voo = Vs = Veoy = Vs =
VCG = V0/3, and VCo = VU.

3) Junction capacitances of D1—Dyg are identical and denoted

as Cy.

1) Mode 1 [0, t;] [see Fig. 5(a)]: Att =0, D1—Dg are OFF,
and reverse voltages vpi, vps, and vps begin to increase from
0 while —vpa, —vp4, and —v pg start decreasing. By Kirchhoff’s
voltage law, vp1—Vv pg satisfy
Vo .

3 i =2,3,...,6. (3)

If Cy is fixed, the relationship between junction capacitance
currents i; to ig can be easily obtained by taking the derivative
of (3) and multiplying both sides by Cy, i.e.,

(=1)'vpi1 — (=1)'vp; = Voi =
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Fig.5. Equivalent circuits and waveforms of the 3-stage half-wave CW voltage
multiplier at different operating modes. (a) Mode 1: [0, 71 ]. (b) Mode 2: [#1, w/w].
(c) Key waveforms.

However, C, varies nonlinearly due to resonance. To obtain
the relationship of i;—ig, we model C as follows.

According to previous results [32], [33], [34], [35], [36], [37],
[38], the expression of junction capacitance C; with reverse
voltage v, across the diode can be written as

Cjo

C; = ik
T+

(&)

where Cjg is the capacitance at v, = 0, V;is the built-in potential,
and m is the grading coefficient and typically ranges from O to
1. The accuracy of (5) is validated in Fig. 6, where the C-V
characteristics of different diodes have been well fitted over
a wide voltage range. Fig. 6 shows that the C; value of the
SiC diode varies from tens of pF to hundreds of pF, which
reaches the order of magnitude of the resonant capacitance in
high-frequency operation. However, the C; value of the Si diode
ranges from 2 ~ 3 pF to around 10 pF. In addition, for the SiC
diode, the corresponding v, that C; changes nonlinearly ranges
from 1 V to 1 kV, which is 10 times larger than that of the Si
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Cj—v, curves of several same voltage-rated HV SiC diodes and HV Si

diode. Therefore, the study of the nonlinear junction capacitance
of the SiC diode is necessary for HV power supplies.

To derive the equivalent junction capacitance C, [40], we
introduce the variable charge g of Cj, i.e.,

v
Cy— q(Vre) _ Jo 7 Cj(vy)dvy
VrE VrE
30]'0%1‘ ‘/O 1-m
=) 1 -1 6
Vo(l — m) ( * 3%1> ‘| ( )

where Vg is the maximum reverse-bias voltage across the
diode. Here, Vz g = V,/3. When k diodes are connected in series
to share Vgr g, we have
1-m
> —1|.

_ EQ(%) 3C50 Vi (1 Vo
k %3 3kVii
In a switching period, V, remains nearly constant. Thus, Cy4
can be regarded as fixed and (4) is still valid for relating i;—ig.
Then, vp1—vpg are given by

t .
T | M I,
UD1=VUD3=VUD5= =+~ ——(7)dr
0

Ca

- Vo(1—m)

(1—cos(wt))

Od 6 - 6wC’d
(8)
In Vo
p— p— pr— 1 _ _—
Vpa = Up4 = VDG Gde( cos(wt)) 3 9)

From Kirchhoff’s voltage law, the input voltage v, of the
half-wave CW voltage multiplier is found as
E + Inm
6 6de
At t1, vp1, vp3, and vps rises to V,/3, and —vps, —vpg4, and

—vpe drops to 0. The electrical angle 6 corresponding to the
interval of mode 1 is

vos = —Ve1 +vp1 = — (1 —cos(wt)). (10)

11
Inz ( )

2) Mode 2 [t;, 7/w] [see Fig. 5(b)]: D5, D4, and Dg conduct,
and vp1, vp3, and vps are clamped at V,/3. Thus, vpg is given
by

2wC 4V,
0 = wt, = arccos <1 — wd’) )

Vo
vos = Vo1 + Ve = 5 (12)
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Att = m/w,—vp9,—vp4 and —v pg start increasing from 0, and
vp1, vps and vps begins to drop, starting the second half cycle
[7/w, 27/w], which is similar to the first half cycle [0, 7/v].
According to (10) and (12), vps in modes 3 and 4 is given by

Vo I,

vos = g - 6w0d

V, 2w
vos =—— |l <1< —
6 w

where 15 = 11 + w/w.

(1 + cos(wt)) (g <t< t2> (13)

(14)

C. Equivalent Circuit

For small power HV igniters, the load in the charging state
is light (usually tens of M), making modes 1 and 3 dominant
in a switching cycle. Hence, vog is mainly determined by (10)
and (13),1.e., vos = vosi = Vos1_maxSin(wt+), where vosi
is the fundamental component of vpgs, Vos1_max represents the
amplitude of vpg1, and ¢ stands for the phase angle of vpg;.
Moreover, Vg1 max and ¢ satisfy

V. _ Vs Vo
OS1_max — Fom (@) — 37 (1_cos0)
V/sindo4(6-L sin20)” (15)
o %sin2070
tanp = = rp—
Combining (2) and (15), Z. can be obtained as
Vi 1
Zo= 251 — _ - (16)
IVJW ije + Re
where
Vosi max  Sin*0+ (3sin20 —0 ?
R, = -2 (in20 —6) (17)
I, cos ¢ 67 Cywsin“d
I,, sin 67 (0 — 4 sin 26
C. = S":.4( 21.)20d. (18)
wVos1_max  sin®f + (9 — 5 sin 29)

Ignoring the loss in the half-wave CW voltage multiplier, the
input power provided by vpg1 and iy is equal to the output
power. Then, I,, and R, can be expressed as

VZ2/R, 6r V,

Iy = = 2 19
%V051_lnax COos 1+ cost R, (19)
V0251 R,
Re — _max RO — ] 20
22 2/2,,(6) 0
Substituting (19) into (11), 6 can be calculated as
2wC
0 = arccos [ 1 — wid?m . QD
wCy + R,

From (21), we see that in high-power applications, a heavy
load would make 6 approach 0. This means that the voltage
across the diode follows a square waveform during a switching
cycle. Thus, the junction capacitance corresponding to a cer-
tain V, can be regarded as fixed. However, in this article, the
proposed high-voltage power supply is designed for low-power
ignition. Considering the light load in the charging state and
high-frequency operation, 6 varies over a small range near m,
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Fig. 7. Equivalent circuit of the 3-stage HWCW voltage multiplier.

FS+

Fig. 8.  Equivalent circuit of the proposed HV power supply in charging state.

with voltage across the diode varying in the quasi-resonant
mode. Hence, the nonlinear change of the junction capacitance
cannot be ignored. Then, (15), (18), and (20) are rewritten as

VOSl_max ~ Vo/6 (22)
18C0 Vi vV, \'"
C,~6C; = —212 1 -1 23
TV A —-m) ( * 3kv,,> 23)
R,
R. ~ ok 24)

The rating of the diode limits the maximum value of V,,.
Hence, C. is in the range of [Cyyin, Cmax] from (23). Extending
to the n-stage half-wave CW voltage multiplier, R, and C, are
given as follows:

R = RO/ 8n?

2n2C' V”i
Ce = QnCd = Vu(lioml)

(e ™) @

With the derived C. and R., an equivalent circuit of the three-
stage half-wave CW voltage multiplier can be obtained, as shown
in Fig. 7. Combining with Fig. 3(b), an equivalent circuit of the
proposed converter in charging state can be derived, as shown
in Fig. 8.

III. IMPACT OF JUNCTION CAPACITANCES ON THE
PERFORMANCE OF HIGH-FREQUENCY HV POWER SUPPLY

From Fig. 8, the change of V, affects the value of C,, which
further affects the voltage gain and V,. Thus, a complex cou-
pling relationship between C. and V, exists. In this section,
we will discuss the impact of the junction capacitance on the
performance of the HV power supply, revealing the existence of
multiple operating points and its effect on the voltage gain and
controllability of the converter.
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A. Input Impedance

Substituting (23) and (24) into the expression of Z;,, of the
charging state in Table II, the imaginary part of it is given as

N wLyi—wLp—Im(Z;(V,))
Im(Zm) - w2C72‘Zf(VO)\Q.t,_(w?LpCTfl)z
—wM?Y (V,
Im(Zy (Vo) = e
X(V,) = L : e
©) T W2Re(Cs+Ce (Vo)) + 2=
w(Cs+Ce(Vy))

Y (Vo) = w(Ls + Ly2) —

WQ(CS+Ce(Vo))2+§

To achieve soft switching of the inverter, Z;,, is expected to be
inductive, i.e.,

wL, —wLp —Im(Z;(V,)) > 0. 27)

The partial derivative of Im(Zy) with respect to V,, is given as

3Im(Zf) 1= 2w2(Ls + L) (Cs + C.) ) LCQ
v, A(Ce) avo

where A(C.) is given in Appendix A, along with a de-
tailed proof of A(C.) > 0 and dC./dV, < 0. We define
W2 (Lg+Ly2)(Cs+Co(V,)) as F(Ce(V,)). Combining dC./dV, <
0 with (28), we have 0Im(Z;) /0V,, > Owhen F(C.(V,)) > 0.5,
0lm(Zy) JoV, < Owhen F(C.(V,)) < 0.5, and 0Im(Zy) OV, =
0 when F(C.(V,)) =0.5. Since dC./dV, < 0, F(C.(V,)) strictly
decreases with V,,. Therefore, F(C.(V,)) = 0.5 corresponds to
the maximum point for Im(Z;), which is the worst case for
satisfying (27).

(28)

B. Voltage Gain

According to the equivalent circuit shown in the Fig. 8 and
G, of the charging state given in Table II, the voltage gain G,
is given as

v, v, ‘Vom‘ ‘VAB’

Gv = 1y = 7. N
Vin ‘Vos1‘ ‘VAB‘ Vi
_ %l{\i Re
|Re[1 — w?(Ls + L2)(Cs + Ce)] + jw(Lg + Ly2)|

(29)

As outlined in Section II, the capacitance of C. approaches the
magnitude of Cg during high-frequency operation and displays
several times more variation. Equation (29) suggests that even
a small shift in C, from 10Cg to Cg can result in a minimum
of 400% variation in G,. Therefore, it is imperative to account
for the nonlinear capacitance effect when designing practical
circuits. In the next section, we will delve into the influence of
nonlinear junction capacitance on voltage gain.

From (29), V, can be found as
Vo = Gv(ce)‘/in = Fl(cea Vm) (30)

From (23), we get

s JTA=mkC ]
VO_Sk%,{[6CjO } 1}_F2(C’e). 31)
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Fig. 9. Multiple operating points caused by diode junction capacitance. Vino
=34V, M = 1588 uH, Ls = 246.06 pH, L1 =20 pH, L2 =2 mH, Cg
=25pF k=2,n=3,m=0.4533, Cjo = 84.22 pF, V},; = 0.964 V, and f =
450 kHz.

Combining (29), (30) and (31), the operating point can be
found. For analytical simplicity, we adopt a graphic method here.
According to (30) and (31), we can plot two curves of log(V,)
versus C., as shown in Fig. 9.

Denoting (30) as F1(C., Vin) and (31) as F2(C.), we can see
that F1(C,, Viy) is a unimodal function of C, and F5(C,) is a
strictly decreasing function of C,, as shown in Fig. 9. Hence,
Fy(C,, Viy) and Fo(C.) may have multiple intersection points,
implying the existence of multiple operating points. However,
due to the adoption of Si diode, low output voltage, low operating
frequency, and/or high output power, multiple operating points
may not be observed.

To analyze the stability of each operating point, small distur-
bance around the operating point is applied. Taking point A in
Fig. 9 as an example, if C, changes from C4 to C4 + AC,,
F1(Ce, Vino) and Fo(C.) change to F1(Ca + AC,, Vi) and
Fo(Ca + AC,), respectively. If AC, > 0, F1(C4 + AC,, Vino)
> Fo(Ca + AC.), due to OF; (C., Ving) /OC. > dF>(C,)/dC,
at point A. We know that F;(C., Vi,) represents the voltage
gain and F5(C.) describes the relationship between V,, and the
physical value of C.. As seen from Fig. 9, the value of C. corre-
sponding to the V,, determined by F1 (C 4 + AC., Vi) is smaller
than C4 + AC,. Thus, the operating point returns to point A.
Thus, point A is stable. Likewise, we can easily infer that point
B is unstable, having OF (C., Vino) /0C. < dF5(C,)/dC., and
point C is stable, since F}(Cp, Vino)/0C. > dF5(C,)/dC..
Thus, the criterion for a stable operating point is

dF5(C.)

8F1(Cea VIn)
dCe |c.—c,

0C. (32)

Ce=Co
where Cj denotes the C,. value of the operating point.

The stable operating point is the equilibrium point. As shown
in Fig. 9, there are two equilibrium points: points A and C. In
the following, we will discuss the impact of multiple equilibrium
points.

We start the discussion from the case of voltage buildup.
From (23), C, = Cpax When V, = 0 V. Since F1(Ciax, Vin)
> 0V and Fo(Chax) = 0V, V, can be boosted to one of the
equilibrium points. According to (23), C, decreases strictly with
V,. Hence, the lower equilibrium point A will be achieved first,
as shown in Fig. 9. Also, V, will be determined by point A,
resulting in the actual V, being much lower than the desired
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Fig. 10.

Operating areas and responses of V,, to Vi, variation at M = 15.88 uH, Ls = 246.06 uH, L,y = 20 pH, Lo =2 mH, Cs =25 pF, k=2, n = 3,

m = 0.4533, Cjo = 84.22 pF, V; = 0.964 V, f = 450 kHz, Vin_min = 10V, Ving = 15.5V, Vino =28 V, Vin1 =42V, and Viy_max = 55 V. (a) Operating points
under for values of Viy,. (b) enlarged view of the yellow shaded area in (a). (c) Hysteresis response of V,, to V;y, variation in the steady state. (d) Dynamic response
of V, to different step changes of Vj,, from Vi, max to Vino during voltage buildup.

value. Obviously, the existence of multiple operating points
limits the actual voltage gain.

As mentioned in Section II-A, V;,, usually varies within a cer-
tain range [Vin_min, Vin_max] to tightly control V,. The variation
of V;,, corresponds to a set of curves of F1(Ce, Vi,), as shown
in Fig. 10(a), while F5(C.) is fixed. To facilitate illustration, we
give a partial enlarged view in Fig. 10(b), where are two special
operating points are found, namely, (C.ss1, Vin1) and (Cess2,
Vin2), which are tangent points of F1(C,, Vi,) and F5(C.). Here,
(Ccssla Vinl) and (Ccss2’ Vin2) SatiSfy

Fl(Cev V;n) - FZ(Ce) =0
0

OF (Ce,Vin)  dF>(Ce)
oC,

(33)

dC.

Defining H(C, Vin) = F1(Ce, Vi) — F2(C.) and combining
(33) with Fig. 10(a), we can obtain

8H£’)%éjvm) > 07 Whence S [Cmin> Ccssl] U [005527 Cmax]

Gt < 0, whenCost < Ce < Cessa

(34)

According to above analysis, the operating region can be
divided into three areas: upper equilibrium area (Cp,in < Cy a2
< Cess1), lower equilibrium area (C.s520 < Cyprz < Crnax), and
unstable area (Cs51 < Cypre < Cess2), as shown in Fig. 10(a)
and (b).

In Fig. 10(a) and (b), when Vi, yin < Vin < Ving, there is a
lower equilibrium point. When V;,0 < Vi, < Vin1, there are three
operating points located in three operating areas. When Vi, <
Vin < Vin_max. there is an upper equilibrium point. The existence
of multiple operating points within the range of Vj, variation
may cause different responses of V,, to Vi,, which deserves in-
depth discussion.

C. Discussion on the Response of Vo to Vi,

After Vi, changes, if H(C,, Vin) = F1(Ce, Vin) — Fo(Ce) >
0, V, rises and C, decreases. Otherwise, V, decreases and C,
increases. The first equilibrium point in the change direction
of C. determines V,. As a result, the response of V,, exhibits
hysteretic characteristics when V;,, changes between Vi, i, and
Vin max-

As seen from Fig. 10(a) and (b), V,, varies along points 1, 2,
3,4, 6 and 7 when V,, increases from Vi, iy t0 Vip max, and
jumps from point 4 to point 6, where point 4 is the tangent point
(Cess2, Vinz) and is critically stable. Similarly, V,, varies along
points 7, 6, 5, 8, 2 and 1 when V,,, decreases from Vi, yax t0
Vin_min, and jumps from point 8 to point 2, where point 8§ is
the tangent point (C.ss1, Vin1) and is critically stable. Thus, a
hysteresis characteristic exists in V;, and V,, as illustrated in
Fig. 10(c), giving rise to switching of V, between the upper and
lower equilibrium points.
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The above discussion shows the response of V,, to V;,, vari-
ation in the steady state. The dynamic response of V,, to a step
change of Vi, during voltage buildup will be quite different.
Specifically, V,, starts building up at # = 0 when Vi, = Vin_max
and C. = Cpax- Assuming that V;, has a step change from
Vin_max to Ving att = t1, the corresponding C, at #1 is C;. Since
H(Cy, Vino) < 0, as shown in Fig. 10(b), C, increases and V,,
is determined by the first equilibrium point (point 3) along the
changing direction of C.. However, if Vj;, has a step change from
Vin_max t0 Vino at t = 12 (t; < t2), the corresponding C. at t»
is Cy. For H(C3, Ving) > 0 from Fig. 10(b), C, decreases and
the first equilibrium point (point 5) determines V,. Obviously,
the output voltage varies with the step changes, as shown in
Fig. 10(d).

D. Conditions for a Unique Operating Point

As discussed above, the existence of multiple operating points
affects not only the voltage gain, but also the controllability. It is
necessary to analyze the conditions for the existence of a unique
operating point.

According to (30), F1(Ce, Vi) is strictly increasing with V,,.
Since H(C., Vin) = F1(Ce, Vin)-F2(C.), H(C,, Vi) also strictly
increases with Vi,. According to (34), H(C., Vi,) increases
strictly within ranges [Cpin, Css1] and [Css2, Chax] of Ce,
and decreases monotonically with the range (Cys1, Css2) Of Ce.
Based on Existence Theorem of Zero Points, the converter has
a unique operating point when one of the following conditions
is satisfied:

H<Ccssla Vinfmax) <0

H(Crss2, Vinmax) < 0 (33)
or

H(Crins Vin_max) <0

H(Cess1, Vinmin) > 0. (36)

H(Ccss2; Vinfmin) >0

If (35) is met, the unique operating point is the lower equi-
librium point; otherwise the unique operating point is the upper
equilibrium point. The upper equilibrium point is preferred for
its HV gain.

Furthermore, C.4s1 and C5 are two tangent points of F1(Co,
Vin) and Fo(C,), i.e., extreme points of H(C,, V;iy). According to
the numerical analysis of the first and second partial derivatives
of H(C, Vi,) with respect to C., expressions of Css1 and Css2
are rearranged as

1
WQ(LS + L7'2)

Ccss2 = 6 + Cpeak

Cess1 ~ Cpeak = —Cs. (37)

1
24M\/;,,Lm(k2(iia;';> i (38)

2 it _
s (BJFCPeak) wLriw?(Ls+Ly2)nkVy; —

where Cpc.x corresponds to the peak voltage gain. Table ITI gives
validation of the expressions of C.ss1 and Cgs2.

Substituting Cpyin, Cess1 and C4s2 into (36), three constraints
on the circuit parameters for achieving a unique operating point
can be obtained.
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TABLE III
NUMERICAL AND ANALYTICAL SOLUTIONS OF Ccgs1 AND CCSSo

1 Numerical Analytical
Parameters . A
solutions solutions
Compensation L1=13.28 ,uI:L Lo= Co = 45.44 Coy = 45.18
parameters 1616 uH, Cs =22 pF - -
Input Voltage PF, Cew2 = PF, Cosn =
P e 21V 57.18 pF 57.88 pF
Compensation Ly =993l e = ¢ =48.18  Cy=48.05
parameters 1304 uH, Cs=32.65 pF _ -
Input Voltage PF, Cooo = PF, Coso =
put ¥ 21V 73.46 pF 74.06 pF
Compensation L,=1127 ﬂPE, Lo= Cooy = 4424 Cout = 43.95
parameters 2600 4H, Cs=0 pF - _
Input Voltage PF, Cos2 = PF, Coro =
v 28V 5532 pF 56.05 pF
Compensation L, =18 ;4HLL,2 =1050 Cooy = 42.70 Co = 4251
parameters pH, Cy=54 pF - .
Input Voltage pF, Ceg2 = pF, Ces2 =
P p & 35V 60.09 pF 61.54 pF

'Parameters of the contactless transformer are given in Table VI. The
operating frequency is set at 450 kHz.

2Numerical solutions of C,g and C.y» are calculated by Mathcad.
3Analytical solutions of Ce and Ciy are calculated by (37) and (38).

TABLE IV
DESIGN SPECIFICATIONS

Parameters Value Parameters Value
Input voltage 21~35V Output voltage 34-44kV
Operating R,= 10 MQ
frequency f 450 kiiz Load C,=0.52 uF
TABLE V
PARAMETERS OF THE GBO1SLT12-214 DIODE
m Vi Ci Ve
0.346 0.964 V 88.264 pF 1200 V
TABLE VI

PARAMETERS OF THE CONTACTLESS TRANSFORMER

Parameters Value Parameters Value
. Lp=9.42 uH Parasitic Rp=10.327Q
Self-inductances ;" » 46 06 i1 resistances Ry=5.050
. Mutual M=15.88 uH Turns-ratio 14:102
inductance
Primary % Secondary %
Winding 28*AWG 41 Winding 14*AWG 41

IV. DESIGN EXAMPLE

In this section, a design example is given to illustrate the pro-
posed parameter design method for ensuring a unique operating
point, HV gain, and soft switching.

A. Design Specifications

Design specifications are given in Table IV. Since P, =
V,2IR,, the output power is 1.156 ~ 1.936 W, as per Table IV.
We adopt GeneSiC GB01SLT12-214 diode, whose parameters
are given in Table V. To ensure sufficient voltage margin, we use
two GBO1SLT12-214 diodes in series in the voltage multiplier.
Parameters of the contactless transformer are given in Table VI.
Detailed design procedure is illustrated in Fig. 11.
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Calculate initial values of L,q, L,,, and Cs with (29), (37), and (39)|

Calculate G, min and G, max With (23) and (29),
Im(Z)) with (26), C. and Ceo with (37) and (38)

L, =L,—AL,
C, =C, +ACy

Cs=Cs +AC;
L, =L, —AL,—
L,=L,—AL|

Cs =Cs —AC
Ly=L,+AL,—
L, =L, +AL)

27) holds within the
ran%e [3.4kV, 44 kV]
of output voltage?

Fig. 11. Parameter design flowchart of the HV power supply with a unique
operating point, HV gain, and soft switching.

B. Design Procedure

The values of compensation parameters L,1, L2, and Cg are
designed to achieve HV gain, existence of a unique operating
point, and soft switching, simultaneously.

In our design, the range of the voltage gain is determined by
the required ignition energy. Our design is used for diesel engine
ignition, which needs 3 ~ 5 J ignition energy. The ignition energy
is stored on the output capacitor C,. According to E = 0.5C,V,>
and the range of the output voltage given in Table IV, the given
C, is 0.52 pF in order to generate the 3 ~ 5 J ignition energy.
Since the voltage range of the front-end converter is from 21 to
35V, and the output voltage is correspondingly from 3.4 to 4.4
kV, and hence the range of the required voltage gain is 126 to
162.

To achieve a voltage gain ranging from 126 (defined as
Gy_min) to 162 (defined as G,_pnax), the peak voltage gain
G_peak determined by L1, L2 and Cg should be greater than
162. By substituting (24), (37), f = 450 kHz, R, = 10 M(, and
M = 15.88 uH into (29), the maximum value of the product of
L,1 and (Lg + L,2) can be calculated as 3.679¢® H2.

Besides, to achieve an HV gain, C. corresponding to the
required output voltages should be near Cpeak, Where Cpeak
corresponds to the G,_peak. According to (23), values of C,
corresponding to 3.4 kV and 4.4 kV output are 43.94 and 40.28
pF, respectively. Here, Cp,cax 18 designed to be 1 ~ 1.2 times of
C. corresponding to the required output voltage range, i.e., in
the range of 43.94 to 48.34 pF.

According to (22)—(24), we can obtain an expression for the
current through the secondary coil of the contactless transformer.
As can be seen from (39), the value of Cg will affect |f s|- By
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TABLE VII
COMPENSATION PARAMETERS OF THE PROPOSED DESIGN METHOD

Parameters Calculated Measured
Ly 9.93 uH 10.70 uH
C, 11.4 nF 11.4 nF
L 1304 uH 1320 uH
Cs 32.65 pF 32.16 pF
TABLE VIII

SPECIFICATIONS AND COMPENSATION PARAMETERS OF CONVENTIONAL
DESIGN METHOD

Parameters Value
Input voltage 23~34V
Specifications Output voltage 34~44kV
Operating frequency 450 kHz

Load R,=10 MQ C,=0.52 uF
Ly =1328 uH, C,= 9.4 nF
L= 1616 uH, Cs =22 pF

Same as Table VI

Compensation parameters

Transformer parameters

limiting |f 5| to below 0.14 A, thus fitting the output voltage
range of 3.4 to 4.4 kV, the maximum value of Cg is 55.17 pF.
Combining the range [43.94, 48.34] pF of Cj,c.x and the range
[0, 55.17] pF of Cg, the design range of L, is [962.4,2600] uH

) 1.
Is| = |[jw(Cs + Ce) + =—Vos1
R
, 18C;0 Vi v, \\ " 72| V,
= 1 1| | +—= .
|:7w (CS+ Vo(l - m) ( N 3k%1) > * Ro 6\/§
(39

According to (1), the value of L,; will affect | Ip|. By limiting
the value of |Ip| to be less than 2 A, the minimum value of L,.; is
calculated as 5.57 /H. Combining the maximum value of L, (Lg
+ L,o) and the minimum value of L,5, the maximum value of
L,y is 30.44 pH.

Then, based on the design constraints of a unique operating
point (36) and soft switching (27), the values of L,1, L2, and
Cs can be obtained by simulation or numerical methods, such
as exhaustive method and genetic algorithm.

Fig. 11 shows an iterative calculation method for L1, L,-» and
Cg. First, we set the initial values of L,;, L, and Cgto be L,
=30.44 uH, Lo = 2600 ©H and Cs = 0 pF, respectively. Using
(23) and (29), the maximum and minimum voltage gain G,_ax,
G,_min can be calculated, where C, corresponds to V,_nin =
3.4 kV and V,_max = 4.4 kV, respectively. Using (26), Im(Zy)
corresponding to different output voltages can be calculated.
Using (37) and (38), C.ss1 and C.ss2 can be calculated. Then,
by comparing G,_min With 126 and G,,_,x With 162, verifying
the conditions of unique operating point (36) and soft switching
(27), the values of L., L2 and Cg can be determined, as shown
in Table VII. We use a 22 pF COG capacitor and a 39 pF COG
capacitor connected in parallel and a 68 pF COG capacitor in
series, to get the calculated value 32.65 pF of Cg.

To facilitate the comparison, we also give the results from
conventional parameter design, as given in Table VIII, which
only considers HV gain and soft switching. To maximize the
voltage gain, the conventional parameter design focuses on



15702

(@ (b)

Fig. 12.
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Photographs of prototype. (a) Primary PCB including the inverter and the primary LCL compensation. (b) Contactless transformer. (¢) Secondary PCB

including the three-stage half-wave CW voltage multiplier and secondary P. (d) Assembly of the prototype. (e) Prototype. (f) Ignition device.
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Fig. 13.
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Key waveforms of the three-stage half-wave CW voltage multiplier obtained by theoretical calculation and LTspice simulation at (a) V, = 3.5 kV

(SiC diode GBO1SLT12-214), (b) V, = 4 kV (SiC diode GBO1SLT12-214), and (¢) V, = 4.5 kV (SiC diode IDM02G120C5), where theoretical waveforms are
illustrated by solid lines and simulated waveforms are illustrated by dashed lines. Voltage reference directions are shown in Fig. 4.

TABLE IX

PARAMETERS OF THE IDM02G120CS5 DIODE

m Vi

VRRM

0.478 0.865 V.

262.88 pF

1200 V

TABLE X

POWER COMPONENTS IN THE PROTOTYPE CONVERTER

Components Parts
MOSFETSs S| - Sy in the inverter Infineon BSZ44010NS3G
Contactless transformer Material DMEGC DMR95
Inductor Z,, Mgter}al DMEGC DMR51
" Winding 15-strands AWG 41
Inductor L, Mgteljial DMEGC DMR51
5 Winding 10-strands AWG 41
Capacitors C,, Cs TDK C0G SMD MLCC series

setting the operating point as close to the peak voltage gain
as possible. This can be easily seen from the value of Cpeak,
where Cpeax of the conventional parameter deign is 45.18 pF
and Cpeak of the proposed parameter deign is 48.05 pF. We find
that parameters designed in this way usually do not guarantee a
unique operating point.

V. EXPERIMENTAL RESULTS

To validate the theoretical analysis, two prototypes with com-
pensation parameters given in Tables VII and VIII, respectively,
have been built, tested and compared. Two prototypes have
different compensation parameters, and are otherwise identical.

Fig. 12 shows the photos of the prototype. Details of the power
components in two prototypes are listed in Table X.

A. Verification of the Impedance Model

We choose prototype #1 (with compensation parameters given
in Table VII) as an example to verify the input impedance model
of the half-wave CW voltage multiplier.

First, we validate the proposed junction capacitance model
expressed as given in (7). According to (19), substituting
parameters of the chosen SiC diode GBOISLT12-214 and
IDMO02G120CS5 given in Tables V and IX into (6) to (10), respec-
tively, the waveforms of vp; to vpg and vpg at different output
voltages can be found, as illustrated in Fig. 13 with solid lines.
Using parameters given in Tables V and IX to set the junction
capacitances of the diodes in Ltspice, the waveforms of vp; to
vpe and v og at different output voltages can be found, as shown
by the dashed lines in Fig. 13. It can be seen that the calculated
and simulated waveforms are highly consistent, verifying the
correctness of the proposed model of the junction capacitance
and its effectiveness for representing different diode types. Such
consistency can be attributed to the due consideration of the
reverse voltage change caused by resonance and voltage buildup
in the junction capacitance modeling.

Next, we verify the input impedance model of the half-wave
CW voltage multiplier expressed as given in (22) to (24).
We measure the input voltage v g of the half-wave CW voltage
multiplier using the SI-9002 differential probe. To reduce the
impact of the probe on the input impedance of the half-wave
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Fig. 14.  Test circuit of the input voltage vpg of the CW voltage multiplier.
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Fig. 15.  Waveforms of the half-wave CW voltage multiplier when V,= 4.45
kV. (a) Input current i /57 and input voltage v os. (b) Enlarged view of the yellow
shaded area in (a).

TABLE XI
CALCULATED AND MEASURED VALUES OF THE INPUT VOLTAGE AND INPUT
CURRENT OF THE HALF-WAVE CW VOLTAGE MULTIPLIER

Measured Value' Calculated Value
Vosi max 699 V 742V
1, 88 mA 84 mA
0 82.9° 86.4°

IThe measured value of Vos1 max corresponds to 23 times the voltage of point
A in Fig. 15(b).

CW voltage multiplier, we connect two 1 pF COG capacitors
(denoted as Cq;y ) in series at the test nodes, as shown in Fig. 14,
where Cp,,1¢ 18 the capacitance of each probe and is the sum of
5.5 pF from a single probe and 5.5 pF from the probe-to-board
adapter, and C\y;q is a 6 pF capacitor between the two probes of
SI1-9002. So, the actual vog is about 23 ((0.5 x 11 + 6)/(0.5 x
1)) times the measured value.

The experimental waveforms of the input voltage vpg and
the input current iy, of the half-wave CW voltage multiplier
are shown in Fig. 15, where V, = 4.45 kV. In the figure,
vos lags iy, implying that the input impedance is capacitive.
The calculated values of vpg and iy from (22)—(24) and the
measured values are given in Table XI for comparison. It can
be seen that the calculated and measured values are almost
identical, which verifies the accuracy of the input impedance
model of the half-wave CW voltage multiplier.
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Fig. 16.  Operating points of #1 prototype (unique operating point, the red line)
and #2 prototype (multiple operating points, the green line) under Vi, = 28 V.
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Fig. 17.  Curves of V,, versus Vi, of two prototypes, where the red line and the
blue line correspond to #2 prototype (multiple operating points) and #1 prototype
(unique operating point), respectively.

B. Verification of Multiple Operating Points

To reveal the existence of multiple operating points and its
impact on the voltage gain and controllability of the converter,
two prototypes are compared under openloop control.

The operating points of prototypes #1 and #2 for V;, = 28
V are shown in Fig. 16. We see that prototype #1 has a unique
operating point, and prototype #2 has multiple operating points.

The measured curves of V,, versus Vj, of the two prototypes
are plotted in Fig. 17. Obviously, prototype #2 has multiple
operating points, whereas prototype #1 has a unique operating
point. As can be seen from Fig. 17, the hysteresis characteristic in
V.n and V,, for prototype #2 limits the maximum output voltage
to 803 V, when its front-end converter is closed-loop regulated in
the voltage range of 23 to 34 V. This demonstrates that multiple
operating points limit the voltage gain. However, the output
voltage of prototype #1 changes from 3.41 to 4.21 kV when
Vi varies from 21 to 35 V due to the front-end converter.

The experimental waveforms of the dynamic responses of V,,
to different step changes of Vi, during voltage buildup are shown
in Figs. 18 and 19. In Fig. 18, different step changes of V;,, make
the output voltage of prototype #2 different: one is 338 V and
the other is 3.87 kV. This shows that the existence of multiple
operating points will cause severe deviation of the operating
point in the occurrence of large disturbance of V;,, during the
voltage buildup. However, regardless of the variation of V;y,, the
output voltage of prototype #1 is always 3840 V, as shown in
Fig. 19.
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Fig. 18.
V to 28 V when V,=0.8 kV. (b) Vi is set from 35 to 28 V when V,=2.56 kV.
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Open-loop dynamic response of V, to different step change of Vi, of #2 prototype with compensation parameters in Table VIII. (a) Vi, is set from 35
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Fig. 19.  Open-loop dynamic response of V, to different step change of Vi, of #1 prototype with compensation parameters in Table VII. (a) Vi, is set from 35 V

to 28 V when V,=1.5 kV. (b) Vi, is set from 35 to 28 V when V,=2.5 kV. (c¢) Vi, is set from 35 V to 28 V when V,=4.2 kV.
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Fig. 20.

C. Experimental Results

The above experiments have demonstrated that prototype #1
has a unique operating point. Next, we focus on the voltage gain
and soft switching of prototype #1.

According to Fig. 17, the output voltage of prototype #1 is
from 3.43 to 4.21 kV, achieving the desired HV gain. Fig. 20
shows the experimental waveforms of the output current i4p
and output voltage v 4 p of the inverter under different output
voltages. As can be seen from Fig. 20, i4p always lags vap,
which realizes soft switching. Moreover, it can be seen from
Fig. 20(a) and (b) that the input impedance angle at C,. (V, =0
V) = 264.79 pF is almost three times that at C. (V, =3.5kV) =
43.52 pF, demonstrating the significant impact of the nonlinear
junction capacitance on the impedance.

VI. CONCLUSION

In this article, a quantitative model of the nonlinear junction
capacitance in a high-voltage power supply has been derived
and the phenomenon of multiple operating points caused by
the presence of the junction capacitance has been analyzed for
the first time. By combining an LCL/P resonant tank and a
half-wave CW voltage multiplier, an input impedance model of
the half-wave CW voltage multiplier has been proposed, leading

(®)

)
(©)

Waveforms of the output voltage v 4 g and output current i 4 g of the inverter at (a) V, =0V, (b) V, =3.5kV, and (¢) V, = 3.88 kV.

to a simple equivalent circuit for the converter. Characteristics
of the converter have been analyzed in detail. Specifically, a
hysteresis characteristic of the input and output voltages has
been identified. Severe deviation of the operating point caused
by multiple operating points, and the conditions for a unique
operating point has been studied, clarifying the practical con-
straints for parameter design. Theoretical and experimental
results both demonstrate the accuracy of the proposed input
impedance model, the impact of multiple operating points,
and the effectiveness of proposed parameter design method
for ensuring a unique operating point. The analysis method
presented in this article can also be applied to the study of
general high-voltage power supplies using resonant tanks and
rectifiers.

APPENDIX A: INPUT IMPEDANCE
The A(C.) in (28) is given as follows:

w2M2Rf,f

2 3 s
) +a2:| [v2 +1)?

(40)
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where « = w(Lg + Ly2), ¥ = wR.(Cgs + C,). Obviously, A(C.)
> 0. According to (25), dC./dV, can be obtained as

2nCjo {nkai [( Vo | 1>m — 1} — mVO}

L@ o ’I’Lk}Vbi
dVo k(]- - m)V02 (nk‘:/\c}bi + 1)
_ 2nCjo f (Vo) @1
k(1= m)V2 (e +1)
where % = (n,y"m_ + 1)17171 —m.Duetom < 1, [1 +

Vo l(nkVy)™! < 1, dRV )V, < 0, V,) < f0) = -mV, <0,
and then dC./dV, < 0.
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