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Unified Equivalent Steady-State Circuit Model and
Comprehensive Design of the LCC Resonant
Converter for HV Generation Architectures

Saijun Mao ', Member, IEEE, Chengmin Li

Stefan Schroder

Abstract—In this paper, a unified equivalent circuit model which
can simplify the design and analysis of a family of high-voltage (HV)
generation architectures based on the series—parallel (LCC) reso-
nant converter is proposed. First, four HV generation architectures
are reviewed in terms of the modularization level of HV transform-
ers and rectifiers. Next, the steady-state, unified equivalent resistor
and capacitor (RC) model that can be easily embedded into the res-
onant tank to replace the complex HV transformers and rectifiers
is derived. The generic model can be applied to the HV generators
with different architectures, different voltage multiplier topologies,
stage, and polarities number. Further analysis of the power factor
of the resonant tank, the voltage gain of HV generators, and elec-
trical stresses of power components is achieved with the derived
equivalent circuit model. The analysis reveals the inherent circuit
properties among HV generators with different configurations.
Subsequently, a comprehensive design methodology considering
the power factor, conduction angle, and quality factor is presented,
which leads to low electrical stresses on the components and high
efficiency. Furthermore, the parameter selection constraint based
on the power factor, conduction angle, and quality factor is derived,
which can ensure the effective design outputs. Finally, the proposed
unified equivalent model and comprehensive design methodology
are validated by the experimental results of a 250 V input, 20 kV
output 500 W HV generator hardware prototype with distributed
transformers and voltage multipliers.

Index Terms—Converter design, high-voltage (HV) generator,
LCC resonant converter, steady-state model, voltage multiplier.

NOMENCLATURE

Numbers of the transformer.

Stages of the voltage multiplier.

Polarities of the voltage multiplier.

Turns ratio of the high-voltage (HV) transformer.
Maximum resonant current.

Instantaneous resonant current.
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Conduction angle.

Frequency/angular frequency of the resonant tank in-
put voltage.

Instantaneous voltage across the parallel capacitor.
Instantaneous current of the transformer secondary
side.

Average current of the transformer secondary side.
Root mean square (RMS) current of the transformer
secondary side.

Parallel resonant capacitance.

Output voltage/current.

Output resistor/power.

Voltage gain of the rectifier.

Coefficients of the Fourier transformation of the par-
allel capacitor voltage.

Coefficients of the Fourier transformation of the par-
allel capacitor current.

Efficiency of the HV generator.

Equivalent resistance of the HV transformer loaded
by the rectifier.

Equivalent capacitance of the HV transformer loaded
by the rectifier.

Coefficients between C), and Cy.

Total capacitance of the equivalent RC network.
Output resistor of the subdivided cell.

Parallel capacitor of the subdivided cell.

Equivalent resistor of the subdivided cell.

Equivalent capacitor of the subdivided cell.

Power factor of the resonant tank.

Input dc voltage.

Input RMS current.

Phase lag between inverter output voltage and reso-
nant current.

Resonant inductance.

Primary side leakage inductance of the HV trans-
former.

Total resonant inductance of the resonant tank.
Resonant capacitor.

Resonant tank input impedance

Maximum voltage across the resonant capacitor.
Maximum voltage of the parallel capacitor.

Quality factor of the resonant tank.

Product of wy, Ciot, Req-

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-5501-8000
https://orcid.org/0000-0002-0345-5815
https://orcid.org/0000-0002-1047-1143

7532

I. INTRODUCTION

IGH-VOLTAGE (HV) generators are important building

blocks of X-ray generators, electrostatic precipitators,
plasma generators, etc. [1]-[4]. These HV generators convert
low dc voltages to high dc voltages, typically in the range of
tens to hundreds of kilovolts. The resonant-type power convert-
ers are the common topology choice in HV generator systems
since they enable high power density, high efficiency, and fast
dynamic performance.

Generally, an HV generator is composed of a high-frequency
dc—ac inverter, a resonant tank, an HV transformer, and an HV
rectifier, as illustrated in Fig. 1. Compared with other resonant-
type converters, the series—parallel (LCC) resonant converter
is more widely adopted in the HV generator due to its soft-
switching capability, full parasitic component utilization of the
HV transformer and its voltage boosting feature [5]. The HV
generation circuit, as shown in Fig. 1, including the HV trans-
former and rectifier, is the crucial stage to achieve a large voltage
gain.

Rectifiers have different configurations, such as the full-
bridge rectifier, single or dual polarity half-wave Cockcroft—
Walton (CW) voltage multiplier and full-wave CW voltage mul-
tiplier, as shown in Fig. 2. To achieve a HV gain, rated output
power, as well as low-voltage stress on the power components,
multiple transformers and multiple rectifiers can be utilized or-
derly to form different HV generation architectures. Four HV
generator architectures are classified based on according to the
level of modularity of the key power building blocks such as
HV transformers and multiple rectifiers as shown in Fig. 3 [4].

The centralized architecture provides the advantages of the
fast pulse speed and low-voltage ripple compared with the dis-
tributed architecture, but suffers from a larger insulation stress
and less flexibility. In general, distributed architectures are pre-
ferred for a higher output voltage and power rating. An advan-
tage of distributed architecture 4 is the modular structure, which
enables the flexible combination of submodules to form higher
power or higher output voltage. The diversity in HV genera-
tion architectures offers more alternatives in generating high
output voltages. On the other hand, more challenges are added
in modeling and analysis due to various topologies. A unified
steady-state model is essential and helpful to investigate HV
generator performance with the common architectures, which
could offer effective guidelines in the HV generation topology
selection and find general parameter design strategies.

Circuit modeling for the HV generator is challenging due to
the complex operation modes and large values of transformer
parasitics [26], [27]. The first harmonic approximation (FHA)
is a classical modeling solution, which replace the voltages and
currents by their fundamental components of the Fourier trans-
formation to linearize the original circuit [28], [29]. In these
linearized models [7], [8], [19], [22]-[25], [30], the behavior
of the LCC converters with a simple full-bridge rectifier is de-
scribed in detail.

Unfortunately, most state-of-the-art steady-state models are
deduced only for the simple full-bridge rectifier and only for a
specified architecture. The operation of the voltage multiplier
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fed by the LCC resonant tank is far more complex than that
of the full-bridge rectifier. The state equation of a LCC con-
verter feeding a three-stage full-wave CW voltage multiplier is
proposed in [19], where the voltage multiplier is replaced by
the one-stage CW rectifier and cannot represent the complex
operation modes of the CW voltage multiplier. Generally, the
modeling of the voltage multiplier fed by the LCC resonant tank
and the various HV generation architectures are two remaining
challenges to be solved. An FHA-based steady-state model is
proposed in [31], where the HV transformer and the full-bridge
rectifier are modeled by a resistor and capacitor (RC) network.
This simple and extendable RC model is a promising solution to
deduce a unified model of HV generation topologies. However,
the model needs to be further improved to consider the vari-
ous HV generator architectures with different voltage multiplier
topologies, stage number, and polarities.

In addition to the lack of unified circuit models, the design
of the HV generator is also challenged by the high degree of
design freedom. An iterative design procedure with the analyti-
cal RC model is given in [9]. A design based on the normalized
characteristic diagram is given in [21]. In these design methods,
some parameters are assumed to simplify the calculation. The
parallel-series capacitor ratio A = C,/C, is one of the most
widely adopted assumption. However, the ratio A is not intu-
itive to reflect HV generator performance and does not ensure
the overall optimized parameters. Moreover, the computer algo-
rithms to search a large space of variables to acquire optimized
designs are proposed in [10] and [18]. However, this approach
is time consuming.

In this paper, a generic equivalent circuit model is proposed
for various HV generator architectures with different voltage
multiplier topologies, stage number, and polarities based on the
FHA method. Further analysis on power factor, voltage gain,
and electrical stresses of HV generators is investigated. Further-
more, the power factor, quality factor of the resonant tank, and
conduction angle are utilized in the design process and a gen-
eral constraint to select these parameters is proposed to ensure
effective design outputs. Finally, comprehensive design is given
and verified through a 250 V input, 20 kV output 500 W HV
generator hardware prototype based on the HV generator archi-
tecture with distributed transformers and rectifiers.

The sections of this paper are organized as follows: Section II
introduces the unified steady-state model of different HV
generation architectures. Section III provides the analysis of
power factor, voltage gain, electrical stresses of HV generators,
and simulation verifications of the unified steady-state model.
Section IV gives the comprehensive design of HV generator
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CW voltage multiplier [16], [17]. (d) Full-wave CW voltage multiplier [18], [19].
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based on power factor, quality factor, and conduction angle.
Section V validates the proposed unified equivalent steady-state
circuit model with the experimental testing results of the HV
generator hardware prototype. Section VI concludes this paper.

II. UNIFIED STEADY-STATE MODEL OF DIFFERENT HV
GENERATION ARCHITECTURES

In this section, the analytical model of a voltage multiplier fed
by the LCC resonant tank is derived first. Then, a unified model
for the four architectures with different rectifiers topologies is
given. To simplify the derivation of the steady-state model, the
following assumptions are made.

1) The switching devices are ideal.

2) The quasi-sinusoidal resonant current iy, (¢) is equivalent

to the ideal sinusoidal current, which is given by
i, (t) = Iy, sin(wgt). €]

3) The output voltage ripple and drop are ignored due to the
large dc voltage and high operating frequency.



7534

J} g J} i HV transformer
Si 2 ' T 7

800\

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

1 stage multiplier

Lyt Ci
|

Lok J_ °

+
Vin =

Y|
«—
<
Q
o>

[ | - .
11
Dl* D>

K

Ss 4

} ol e

Fig. 5.

\ 4

SIS 04...

D2 iDZN
ip

(e
~ Vv

222

0 g
7
; i iD2N—l
‘D
tothlp B3l4ts ts
Fig. 6. Waveforms of the LCC resonant converter with the voltage multiplier.

A. Modeling of LCC Resonant Tank Fed by Half-Wave
Single-Polarity Voltage Multiplier

Due to the high insulation requirements, the equivalent cir-
cuit model of the HV transformer is described by the series
leakage inductance, the parallel winding capacitance reflected
to the primary side and the ideal transformer [8]. Besides, the
parasitic capacitance of rectifiers affects the operation of the
LCC resonant converter [33] and needs to be considered.

The widely used analytical model of the LCC resonant con-
verter is proposed in [31], where the HV transformer with a
full-bridge rectifier is replaced by an equivalent RC network,
as shown in Fig. 4. However, for the LCC resonant converter
with single-polarity voltage multiplier shown in Fig. 5, the out-
put capacitors are charged in parallel and discharged in series.
The voltage gain and current distribution among the output
diodes should be considered as opposed to the case of the
full-bridge rectifier. Thus, an improved RC model needs to be
derived.

The typical waveforms of LCC resonant converter with volt-
age multiplier is given in Fig. 6. By replacing vp and 7, with
fundamental element of the Fourier transformation, the equiv-
alent resistance R., and capacitance C,, is calculated by the

I
i~
G

Circuit diagram of the LCC resonant converter with the single-polarity voltage multiplier.

impedance of the transformer input side. The derivation method-
ology is similar to [31] and takes the voltage gain and current
gain of voltage multiplier into consideration. Hence, the detailed
calculation is skipped for brevity. The derived R., and C. are
given by

kR,
Rog = Moo B
2K? kVM
Oeq - kccp (2)

where 7 is the conversion efficiency of the HV generation circuit,
K is the turns ratio of the HV transformer, and kv is the voltage
gain of the voltage multiplier, which is

Vi

kVM = Vq:C =2N.

3)

The coefficients k, and k. originate from the Fourier analysis
of the waveforms and are given by

by = %(1 —cos(0))

k, = \/ ag1 + b?}l

2
ky (1 4 cos(0))

—a,1 1 1 cos(26)\> sin(26)\ ?
k _w\/<2_2) # (-0 )
(4)

The conduction angle 6 is the interval when the voltage of
the HV transformer is clamped by the output capacitors. It is

calculated by
[leya® K2
0 = 2 arctan %})R:—

The total parallel capacitance of the HV generation circuit is

Ctot - Cp + ch = (]. + k() CP. (6)

k(: =

®)
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Fig. 7.

Fig. 8.  Simplified equivalent circuit model during the nonconductive interval
[to,t2] and [t3, t5] of multiplier diodes.

The expression of R.q,C.q is also applicable for the full-
bridge rectifier or the full-wave CW voltage multiplier. The
detailed derivation procedure is similar and skipped in this paper.
kyn = 11is established for the full-bridge rectifier.

During the nonconductive interval [to, 2] and [t3, ¢5] of the
multiplier diodes, as shown in Fig. 6, the parasitic capacitors of
the diodes are charged by the output current of the HV trans-
former. The equivalent circuit model during the nonconductive
interval [to, 5] and [t3, t;5] of the voltage multiplier diodes is il-
lustrated in Fig. 7. In this period, the charge current loop contains
the voltage multiplier capacitors and the parasitic capacitors,
since the output capacitors are far larger than the parasitic ca-
pacitors, the voltage drop across the output capacitors caused by
the charge current can be ignored and all output capacitors can
be viewed as shorted together approximately, as shown in Fig. 8.
As a result, all parasitic capacitors of the diodes are connected
in parallel and can be included into the parallel capacitance C),.

B. Generic Model of Four HV Generator Architectures

Considering the four HV generator architectures in Fig. 3, an
HYV transformer loaded by the full-bridge rectifier or the voltage
multiplier is the basic structure of the HV generation circuits.
As the basic structure has been modeled by an equivalent RC
model, the model of the combined architectures is established
by decomposing architectures into the basic structure. Since
architecture 4 is the most complex architecture, modeling of
architecture 4 is presented in detail.

Fig. 9 demonstrates the subdivision process of architecture 4
with M distributed transformers loaded by N-stage half-wave
voltage multipliers. As shown in Fig. 9(a), due to symmetry,
the output voltage of each voltage multiplier is equal. Hence,
architecture 4 can be equally divided into M parts separately,
without making difference on the input side. Besides, for the
dual polarity (P = 2) CW voltage multiplier, the positive half-
output voltage/current symmetrically equals to the negative half-
output voltage and current. Each multiplier is further divided
into P single-polarity N-stage voltage multipliers connected
in parallel which makes no difference on the input side of the

Equivalent circuit model during the nonconductive interval [tg, t2] and [t3, t5] of multiplier diodes.

voltage multiplier. As a result, architecture 4 is splitinto M x P
basic structures separately, as illustrated in Fig. 9(b). Each part
is modeled individually by an equivalent parallel resistor and
capacitor, as shown in Fig. 9(c). Finally, a merged equivalent
RC model is acquired in Fig. 9(d).

In the subdivided single-polarity half-wave CW voltage mul-
tiplier, the output resistor is

R,
Ro= 1 p )
The parallel capacitor is
C

The conduction angle, equivalent resistor, and capacitor of the
split HV transformer loaded by the CW voltage multiplier are
calculated by replacing the output resistor and parallel capacitor
in (5) and (2) with (7) and (8). The total equivalent capacitance
and resistance of the HV tank are calculated by

M
ch = FRéq

P
Ceq = 77C%- )

Since there are M parallel capacitors connected in series, the
total input parallel capacitance of the HV generation circuit is

Cp 1
ﬁ +Ceq == (M +I€C) Cp.

The M leakage inductors of HV transformers are connected
in series; thus, the total resonant inductance of the LCC resonant
tank is

Ctot = (10)

Ly ot = Ly + J\/[Lp1k~ (1D

It is evident that the modeling procedure of architecture 4
can be applied to the other distributed architectures by assign-
ing numbers of transformers (M), stages of voltage multipliers
(N), and polarities (P) of the voltage multiplier accordingly, as
shown in Table I.
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Above all, a general model of the four architectures is con-
cluded by

2N, voltage multiplier

kv =
VM 1, diode rectifier
MP2kyy 2 K2
0 = 2 arctan 4]050%
_ nky
Req = 2P2 K%k Ro
(1+k.)Cp

o = ——<4 7% 12

Ciot 7 (12)

where k, and k. are calculated in (4). By replacing the highly
nonlinearity HV generation circuit with the equivalent RC

tot eq

(d)

Modeling of HV generator architecture 4. (a) Topology of architecture 4. (b) Input-side equivalent transformation. (c) Equivalent RC network (d) Merged

model, the analysis of the HV generator is significantly sim-
plified.

III. HV GENERATORS ANALYSIS AND SIMULATION
VERIFICATIONS OF THE UNIFIED STEADY-STATE MODEL

Based on the equivalent RC model, further analysis includ-
ing the power factor of the resonant tank, voltage gain, quality
factor, and stresses of devices is given in this section. These are
important parameters to analyze the performance and facilitate
the design of the HV generators.

A. Power Factor

The power factor of the resonant tank is defined as the ratio of
real power flowing to the resonant tank and the apparent power
which is the product of RMS value of input voltage and current.
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TABLE I
PARAMETERS TO DESCRIBE THE FOUR ARCHITECTURES

Architecture Numbers of Stages of voltage Polarity
transformers multipliers
1 1 1 1
2 1 P
3 M 1 1
4 M N P
This yields
P,
PF=—-" (13)
n‘/in Iin,RMS

where P, is the output power, Vi, is the input voltage, and
Iin, R 1s the RMS value of the input current. ¢ is defined as the
phase angle between the fundamental components of resonant
tank input voltage and resonant current. Since the energy is only
transferred by the fundamental components, PF' is expressed
by [11]

2V/2

PF = —— cos). (14)
T

The equivalent circuit of the resonant tank in steady state is
depicted in Fig. 4. The impedance of the resonant tank is

1 n R
jws OI’ 1 + jws CtotReq

Zin = jwer,tot + = |Zin| 41/)

15)
Solving (15), the power factor angle is calculated by

1) = arctan

1

(wb]%::m o, 01 Req ) (]- + (wsCtotReq)2) _wsctotReq
(16)

B. Voltage Gain

Ignoring the output voltage ripple, the output power is
Py =Vo1,. a7
Substituting (13) and (14) into (17) yields

Vo _ 2v2ncos()) Linrms _ 2v2cos(¢) T rus

V}n Q Io a ILm
ILm Is avg
. 18
Tows 1, (%)
For the full-bridge inverter, the input current is
I sin(wst), =9 <wst < T —
N N iy 19)
— I sin(wst), m — ¥ < wst < 21 — .

The RMS value of the input current is calculated by

ILm

7

Iin Rvs = (20)

7537

Fig. 10. RMS value of secondary-side current versus conduction angle
(N=2,P=2,n=1).

From Fig. 6, the coefficients between the resonant current
11, and transformer secondary side average current I, ,, is

ILm K

= . 21
Isﬁavg 2sin’ (g) b
Substituting (3), (20), and (21) into (18) yields
V, PKk
_n VM COS ¥ 22)

E sin? (%)

Equation (22) demonstrates that the stages and polarities of
the voltage multiplier, turns ratio of the HV transformer, power
factor, and conduction angle contribute to the HV gain. For
the LCC resonant converter, the conduction angle is due to the
parallel capacitor. § C (0, ) yields

1
s (g) > 1. (23)
It is indicated that the LCC resonant converter is especially
suitable for the HV generation applications since the conduction
angle contributes to the voltage gain. When the conduction angle
decreases, the voltage gain increases. For the same voltage gain,
the turns ratio of the HV transformer or the stages of the voltage

multiplier is reduced.

C. Electrical Stresses

To compare different designs, the electrical stresses on the
components are derived under the condition that the input volt-
age, output voltage, and output power are defined. From (13),
the resonant current is

s P,

Inp = —— —. 24

" eosy Vi, .
The voltage of the resonant capacitor is
F,

Vor = 5— (25)

T 2cost wiCpViy

Equations (24) and (25) indicate that the resonant current and
series capacitor voltage are inversely proportional to the power
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TABLE II
PARAMETERS OF THE HV GENERATORS

No. V,/kV  P,/kW L,/pH C,/nF C,/nF K M N P
Architecture 1 (1) 20.00 0.50 138.8 2.2 1.5 44.4 1 1 1
(2) 20.00 20.00 34.7 6.6 4.6 66.7 1 1 1
3) 100.00 0.50 138.8 12.3 1.2 111.1 1 1 1
4) 100.00 20.00 347 49.1 4.6 111.1 1 1 1
Architecture 2 5) 20.00 0.50 138.8 1.6 1.2 5.6 1 3 2
(6) 20.00 20.00 37.9 6.3 5.0 4.6 1 3 2
(7) 100.00 0.50 101.5 4.6 1.5 13.9 1 4 2
(8) 100.00 20.00 34.7 6.6 4.6 20.8 1 4 2
Architecture 3 9) 20.00 0.50 89.7 4.1 5.1 57.1 2 1 1
(10) 20.00 20.00 22.4 13.0 18.5 74.8 2 1 1
(11) 100.00 0.50 138.8 2.2 6.2 2222 4 1 1
(12) 100.00 20.00 24.1 114 234 375.0 4 1 1
Architecture 4 (13) 20.00 0.50 138.8 2.2 3.1 5.6 2 2 2
(14) 20.00 20.00 34.7 6.6 9.3 8.3 2 2 2
(15) 100.00 0.50 138.8 12.3 2.3 9.3 2 3 2
(16) 100.00 20.00 34.7 6.6 9.3 27.8 2 3 2
TABLE III
COMPARISON BETWEEN THE SIMULATION (SIM.) AND MODEL
No. V, /kV Inm /A Is /A

Sim. Model Error Sim. Model Error Sim. Model Error

(1) 19.62 20.00 1.9% 3.35 3.5 4.2% 0.0037  0.0039 5.4%

2) 19.45 20.00 2.8% 13.31 14.0 4.9% 0.1258  0.1328 5.6%

3) 98.20  100.00 1.8% 3.28 3.5 6.4% 0.0094  0.0098 4.0%

4) 98.18  100.00 1.9% 13.59 14.0 2.7% 0.0039  0.0039 0.0%

(5) 20.49 20.00 -2.4% 3.58 3.5 -2.5% 0.3934  0.3985 1.3%

(6) 23.50 20.00 -149% 17.43 13.2 -24.1%  1.8252  1.6959 -7.1%

(7) 96.23  100.00 3.9% 3.16 3.5 6.1% 0.1167  0.1257 7.7%

(8) 99.20  100.00 0.8% 13.76 14.0 1.5% 0.4112  0.4251 3.4%

O] 19.12 20.00 4.6% 4.46 4.5 0.7% 0.0039  0.0039 0.0%

(10)  19.54 20.00 2.4% 18.16 18.0 -1.1% 0.1420 0.1413  -0.5%

(11)  95.02  100.00 5.2% 3.50 3.5 -0.3% 0.0077  0.0079 2.0%

(12)  93.34  100.00 3.8% 15.15 15.7 3.7% 0.0253  0.0266 4.9%

(13)  20.38 20.00 -1.9% 3.55 3.5 -1.7% 0.3030 0.3142 3.7%

(14)  22.00 20.00 -9.1% 12.75 14.0 9.8% 1.1097  1.0627 -4.2%

(15) 95.67  100.00 4.5% 2.37 3.5 4.2% 0.1128  0.1179 4.5%

(16)  98.17  100.00 1.9% 13.70 14.0 2.4% 0.3065  0.3188 4.0%

factor. To reduce the voltage and current stresses, the power
factor should be selected as large as possible.
The voltage stress of the parallel capacitor is

(1 + cosb)
4dncost - wsCp

P,

v (26)

VC p,max —
From Fig. 6, the RMS value of the transformer secondary side
current is given by

ILm

K

20 — sin 20

e 27

Is rais =

To analyze the influence of the conduction angle on the RMS
value of the transformer secondary side current, utilizing (22)
and (27) to eliminate K gives

I, rvs N P/m(20 — sin 20)

1, 4sin® (g)

(28)

Fig. 10 displays the example of the relationship between the
RMS value of the secondary side current and conduction angle.
In the low conduction angle region, I, rvs increases dramat-
ically. Hence, low 6 is not recommended to reduce the power
losses of the HV transformer secondary side.

D. Simulation Verification of the Proposed Model and Analysis

To verify the presented model, HV generators with the four
architectures are simulated and compared with the proposed
model. The parameters of the HV generators are designed to
meet the output voltage V, and output power P, specifications,
as shown in Table II. The switching frequency is chosen to be
at 400 kHz and the input voltage is 250 VDC. The comparison
between the proposed model and the simulation are given in
Table III. In most cases, the error is below 6%, which verifies
the validity of the proposed model. However, the large error
occurs at design (6) and (14), where the dual polarity four-stage
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model.

Frequency response of the output voltage by simulation and proposed

voltage multipliers are adopted and the output current is rela-
tively large. In large output current cases, the voltage ripple and
drop of the voltage multiplier cannot be ignored and the model-
ing assumption 3 is not satisfied. As a result, a large deviation
occurs in the Fourier analysis. This leads to a large modeling
error. So, the proposed model is only suitable for low output
voltage ripple conditions.

In the resonant type HV generators, the output voltage
changes with the switching frequency. The frequency response
of design (16), with multiple HV transformers and dual polarity
rectifiers, is simulated and calculated as an example. As dis-
played in Fig. 11, the simulation shows a perfect alignment with
the mathematical model, which verifies validity of the proposed
model in the given frequency range.

IV. COMPARISON COMPREHENSIVE DESIGN PROCEDURE OF
THE HV GENERATOR BASED ON POWER FACTOR, QUALITY
FACTOR, AND CONDUCTION ANGLE

A comprehensive HV generator design method is proposed in
this section to achieve the required voltage gain at the optimal ef-
ficiency, high power density, and low-voltage and current stress
of the components. The design discussed here mainly focuses
on the resonant tank and the HV transformer, while components
such as the output capacitor and the switching devices are not
discussed.

The power factor, conduction angle, and quality factor are se-
lected to support the design of the HV generator. In the proposed
analytical model, the power factor angle and the conduction an-
gle are two characteristic parameters describing the properties of
the HV generator. The voltage gain and the component stresses
can be calculated directly from these parameters. This is dif-
ferent to the widely adopted design assumption A = C,,/C, is
not practical to reflect the performance of the HV generator.
In addition, a high-quality factor of the resonant tank is pre-
ferred to produce high fidelity sinusoidal current to reduce the
component stress.

Moreover, previous modeling and design approaches usually
neglect the power loss of the HV generator. The power losses of
the HV high-frequency transformer and rectifier are relatively
large, which introduces a large error in the mathematical model.
It is very complex to model the power loss of the HV generator
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and rectifier. Based on test results of previous prototypes, the
efficiency of the HV generation circuit at rated output is usually
around 7 = 0.80. This value could be adopted in the design
instead of the complex loss analysis.

In the design, the following specifications are given as inputs.

1) Input voltage Vi,, output voltage Vjy, and output current
Io.

2) The chosen architecture. Fig. 3 offers some advices on
the selection of architecture. Then, the number of trans-
formers M and the polarity of voltage multiplier P is
determined previously.

3) The HV transformer output voltage V... Unlike the case
of the low-voltage transformers, the output voltage of the
HYV transformer is limited by HV insulation materials and
packaging, thus needs to be determined with priority over
the other parameters.

Then parameters of the HV generator are calculated step by

step. The voltage multiplier stage number N is calculated by

LV

= — . 29
2P Viec 9
From (22), the turns ratio of the HV transformer is
<200
sin” (3 V,

- 29NPcost Vin'

The selection of the values for the conduction angle 6 and
power factor angle ¢ will be discussed later. From (12), the
parallel capacitor is calculated by

M N P%kyy k?

Cp = v
r 2f, R,tan? (g)

€1y

The equivalent resistor and capacitor values are calculated
from (12).

The quality factor of the resonant tank is defined as the ratio
between stored energy and dissipated energy in the circuit. For
the circuit shown in Fig. 4, the quality factor () is calculated by

1+ (Ws Ctot ]%eq)2

Q= g
(Ly + MLy) (L + MLy ) (ws CtotReq)2
Cr Ctot (1 + (wsctotReq>2)
(32)
From (12), the product w, C' o Req is expressed by
1+ ko)k?
Gy = w,Cuoy R = L F Fe)hy (33)

dntan® (£)

Equation (33) demonstrates that Gy is only a function of the
conduction angle. To simplify the calculation of Gy, the right
side of (34) can be approximated by

1 0
G9 ~ 5(}01}2 <2> .

(34)
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Fig. 12. Q-6 curve at cos ¢ = 0.88.

From (16) and (32), L, and C, are given by
tany + y/tanv? +4Q% R
Lr,tot = i

eq
2(1+Gy?) ws

1 L
29" 1 Uter)

Gy (tan w+\/tan 24+4Q?%)
(35)

Cr = Ctot .

As givenin (35), to ensure C, is larger than zero, the following
inequality must be satisfied:

Q> /GZ + Gy - tandp.

Equation (36) demonstrates that there is a general constraint
independent of the architecture. Fig. 12 demonstrates the bound-
ary of (36) at cosy) = 0.88. The solid curve is plotted using the
exact value of GGy, while the dashed curve is plotted using the
approximated value of GGy. The @) and 6 value should be selected
in the shaded region to give desired design outputs.

Generally, PF, Q, and 6 are determined based on the following
considerations.

1) Power factor: small power factor means large circulating
energy between the resonant tank and the dc source. As a
result, the device current stresses and resonant tank con-
duction losses will increase. The PF' is desired to be as
large as possible. However, if the power factor angle is
near zero, which means that the instant current at commu-
tation time of the inverter is near zero, there is not enough
energy to ensure soft switching of switches. Hence, there
exists a tradeoff in selecting a proper power factor for the
resonant tank in the design. The PI" = (.88 is suggested
to achieve the low circulating energy and zero-voltage
switching of the inverter.

2) Conduction angle 6: from the voltage gain perspective,
the conduction angle should be selected as small as pos-
sible to reduce the turns ratio of the HV transformer and
the stages of the voltage multiplier. However, the voltage
stress of the parallel capacitor and the current of the trans-
former secondary side are increased as a consequence.

(36)
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Specifications of the high voltage generator:
Vin; Pin:V(); P():,f;‘

'

Select high voltage generation architecture:
M, P,V

¥

Select constraints based on Eq.(36):
PF, 60,0, n
L]
Calculate NV, K from Eq.(29) and Eq.(30)

Check voltage and current stresses
of devices, Eq.(24)-Eq.(27

Calculate C,, L,, C, from Eq.(31) and Eq.(35) |

Fig. 13.  Design flowchart of the HV generator.

Besides, from Fig. 12, the quality factor () increases dra-
matically when the conduction angle decreases. Thus, a
small conduction angle is not desirable in the HV gen-
erator. In this paper, § = 2/37 is empirically selected by
experience to balance the voltage gain requirement and
stresses of components.

3) Quality factor () : @ is selected under the premise of (36).
When 6 = 2/37,Q > 1.27. From (35), a large @Q value
means a large series inductance. The power losses and
the volume of inductor will increase as a result. Low @Q
value means poor frequency selectivity of the resonant
tank, leading to large harmonic resonant currents. So, ()
should be selected neither too large nor too small. @ is
suggested in the range of 2.5-20 [32].

Finally, after selection of @, PF, and 0, the parameters to
be designed include the turns ratio, the parallel capacitor, the
resonant inductor and capacitor. They can be calculated by (31)
and (33) directly. A design flowchart of HV generator is given
in Fig. 13.

V. EXPERIMENTAL RESULTS

A 500 W 20 kV HV generator with architecture 4 (HV gener-
ator architecture with distributed transformer and multiplier) is
designed and built to validate the analysis and design method.
The specifications of the HV generator are shown in Table I'V.
The parameters in the design are provided in Table V. Based
on the proposed design procedure, the parameters of the HV
generator are shown in Table VI.

Fig. 14 shows the prototype of the HV transformers and volt-
age multipliers. The HV transformer magnetic core, secondary
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TABLE IV
SPECIFICATIONS OF HV GENERATOR

Specifications Value
Input voltage Vi, 250V
Output voltage V,, 20kV
Output power P, 500 W
Switching frequency f; 400 kHz
TABLE V
DESIGN CONSTRAINTS
Parameters Value
HV transformer output voltage Vsec 1.25kV
Conduction angle ¢ 277‘
Power factor PF 0.88
Quality factor @ 4.0
Designed efficiency n 0.80
TABLE VI

PARAMETERS OF DESIGNED HV GENERATOR

M N P K Cp/nF  L,iot/pH  Cp/nF  C,/nF
2 2 2 445 3.5 88.0 2.5 1.5
Transformer#1
Voltage
Transformer#2 Multiplier#1
Voltage
Multiplier#2
Bobbin
7 Primary
Secondary winding
winding

Magnetic core

Fig. 14.  Prototype of the HV transformer and the voltage multiplier.

winding and the voltage multiplier, are packaged in an integrated
enclosure for the compact structure. The two HV transformers
share the same primary winding.

The equivalent capacitance C), is composed of the HV trans-
former secondary-side parasitic capacitance, the diode junction
capacitance, and added parallel capacitance. In the HV trans-
former, the measured parallel capacitor is 7 pF. A SiC diode
is chosen for high-frequency switching characteristics and the
total diode junction capacitance is 5 pF, at 2.5 kV. Thus, another
2 nF parallel capacitor needs to be added to the primary side to
satisfy the designed parallel capacitance. Besides, the measured
total leakage inductance of the two HV transformers at the pri-
mary side is 2.0 pH; thus, the added series resonant inductance
is 86.0 uH.

Fig. 15 illustrates the waveforms at full load and Fig. 16 illus-
trates the light-load condition at the same output voltage. The
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550 kHz.

TABLE VII
COMPARISON BETWEEN THE EXPERIMENT AND MODEL

fs/kHz R,/MQ

V, /kV

ILm /A

Experiment Model Error Experiment Model Error
400 0.75 19.16 19.30 0.73% 4.80 486 1.27%
425 1.05 19.50 20.01 2.62% 391 3.84 -1.82%
450 1.35 19.69 20.18 2.49% 3.33 336 0.86%
465 1.50 19.55 20.17 3.17% 3.15 3.15 0.07%
482 1.80 20.09 21.10 5.03% 2.95 3.03 2.78%
504 2.10 19.28 2091 8.45% 2.71 295 9.03%
520 2.40 20.14 2239 11.17% 2.58 290 12.29%
539 2.70 19.68 2299 16.82% 242 2.87 18.74%
550 3.00 19.83 23.30 17.50% 2.37 2.94 23.84%

waveform of inverter output voltage shows that the soft switch-
ing is fully realized under rated and light-load conditions. Under
the light-load conditions, where the output power is 125 W, to
maintain the same output voltage, the switching frequency rises
to 550 kHz.

Table VII and Fig. 17 give a comparison between the
model and the experiments. The results show a high degree of
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accuracy between the design and experiments in high output
power areas, whereas under light-load conditions, the error be-
tween experiments and calculation is relatively large.

Fig. 18 gives the frequency response of the output voltage
by the experiment and the proposed model. The model matches
well with the prototype when the switching frequency is around
400 kHz, whereas a larger error occurs when the switching
frequency is below or near the resonant frequency. The error
between the model and the experiment mainly comes from the
following aspects.

1) The designed efficiency n = 0.8 is not satisfied under
light-load conditions or when the switching frequency
is below or near the resonant frequency. From the effi-
ciency diagram in Fig. 19, it can be seen that when the
output power is around 500 W, the efficiency is around
0.8, and the analytical model gives results with accept-
able error. However, when the output power decreases,
the efficiency also decreases and the error increases. Sim-
ilarly, when switching frequency is below or near the res-
onant frequency, the soft-switching conditions cannot be
ensured. The circuit efficiency decreases, and hence the
error increases.

2) The proposed model is derived under ideal conditions.
Some nonideal factors are not included in the model, such
as the voltage drop of diodes and the resistance of de-
vices. These factors bring error between the model and
prototype.

In Fig. 20, a comparison is made between the measured

waveform and the equivalent circuit in Fig. 4. The purple line
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represents the experimental result of the resonant current. The
blue line represents the calculated resonant current in which
the HV generation circuit is replaced by the computed equiva-
lentloading of Req = 99.1€2, Cioy = 3.58 nF. The two resonant
currents match well, which verifies the validity of the proposed
equivalent RC network of the HV generation architectures.

VI. CONCLUSION

A unified equivalent circuit model is proposed for various HV
generator architectures with different voltage multiplier topolo-
gies, stage number, and polarities. These complicated HV struc-
tures can be decomposed into the basic circuit structure and
then a generic equivalent circuit model is derived to simplify the
converter analysis and design. Based on the equivalent circuit
model of the HV generation circuit, power factor, voltage gain,
and component stresses are analyzed and verified through simu-
lation. Further, a general design method utilizing conduction an-
gle, power factor, and quality factor achieves good performance
in efficiency and component stresses. Finally, a high-frequency
HYV generator based on architecture 4 with two distributed HV
transformers loaded by two-stage dual polarity CW voltage mul-
tipliers is designed and tested. The experimental results show
high consistency with the proposed model around the designed
operating points, which verifies the validity of the proposed
model and comprehensive design methodology.
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