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Abstract—High-efficiency high voltage dc power supply is the
core equipment for magnetron in the microwave industry. This ar-
ticle presents an input-parallel output-serial modular high isolated
resonant converter for the magnetron. However, the high stray ca-
pacitance of the high isolation transformer brings some challenges,
such as high turn-OFF current, longer dead time, increasing gain,
and transformer optimization. A simplified model including the
stray capacitances is built to deal with these problems, and the min-
imum turn-OFF current is derived after the detailed time-domain
analysis. The appropriate deadtime and the maximum magnetic
inductance needed for the proposed converter are obtained with
the minimum turn-OFF current. Then, a 15 kW, 60 KV isolation
multiple-windings output transformer is designed and optimized
for the converter. The insulation design, core shape, losses, and
parasitic parameters are calculated thoroughly. The Pareto opti-
mization process optimizes the switching frequency and the trans-
former’s turns to obtain higher efficiency and a more stable gain.
The finite element method and time-domain simulation verified the
optimized design results. Finally, a 0.8/2.5 kV, 15 kW all-SiC dc—dc
converter module is developed to validate the proposed design. The
results indicate that the module efficiency is as high as 98.6%.

Index Terms—Input-parallel output-serial (IPOS), LLC
converter, magnetron power supply, multioutput transformer.

I. INTRODUCTION

HE high-efficiency, high-power magnetron power supply
T is widely used in various industrial applications such as
food heating, smelting, meteorology, and other fields. Recently,
since the better quality of the heated product without emissions,
significant attention has been drawn to the application of in-
dustrial magnetrons. However, low efficiency and high device
pressures hinder its higher voltage and power applications.
Due to the limitations of commercial switching devices, aca-
demic researchers have mainly concentrated on consumer-grade
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of the low voltage and power (<10 kV/10 kW) microwave mag-
netron studies [1]-[5]. The high voltage and power of industrial
magnetron applications (>10 kV/50 kW) are barely reported in
the literature.

However, these microwave magnetron of low voltage and
power studies [2]-[5] are still beneficial for better efficiency.
Most of these power supplies have been used as phase-shifted
full-bridge (PSFB) and resonant converters to improve the ef-
ficiency and switching frequency. Furthermore, for the high
voltage and high power applications, the modular combined con-
verter with the input-parallel output-serial (IPOS) [6]-[11] are
well-acknowledged to reduce the stresses of switching devices.

As far as the current literature on IPOS structures is concerned,
most use DAB or PSFB as a module [6]-[9]. However, DAB
is often used for bidirectional power flow due to its symmet-
rical structure. The PSFB has high losses and voltage spikes
for its inability to achieve zero-current-switching (ZCS) on
the secondary side. The LLC converter is employed to have
soft-switching conditions for the secondary side [10] and [11].
Thus, it can achieve maximum efficiency of 97.5%. However,
the experiment results are down-scaled with 3.6 kW and 1.2 kV.
This high efficiency may lose for the high voltage and power
application because of the unique resonant module design and
potential significant parasitic parameters.

Inside the module, the converter is usually fed by a stable dc
bus provided by Vienna or PWM rectification. They can provide
a stable input voltage in the magnetron power supply. Therefore,
the resonant converter can take the unregulated dc—dc trans-
former as an isolated stage to improve efficiency and simplify
the control. Among the common resonant converters, they can
be divided into series-resonant converter (SRC) [12] and [13],
parallel-resonant converter (PRC) [14] and [15], LLC converter
[18] and [19], and LCC converter [20]-[22]. SRC has a simple
structure and high efficiency. However, zero-voltage-switching
(ZVS) of turn-ON may lose at the resonant frequency. Besides,
the PRC and LCC are widely used in high voltage applications.
However, the efficiency varies greatly with the load. Recently,
LLC topologies have been well developed in step-down appli-
cations [16]-[19]. They both provide a detailed analysis of loss
and gain. However, when extended to the high ratio applica-
tions, the effect of stray capacitance due to junction capacitance
and transformer cannot be ignored. Therefore, analysis and
modeling of LLC converters containing stray capacitance are
required.
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Fig. 1. Industrial magnetron of (a) power supply connection and (b) load
characteristics.

The high-frequency high-voltage transformer is essential
for the isolation and lifting voltage. Most literature focuses on
parasitic parameters, efficiency, and gain [23]-[27]. Moreover,
although most high-frequency transformers are used for step-
down applications, detailed research has been carried out on
winding and core losses [23] and [24], winding structure [25]
and [26], and insulation [27]. However, the literature has rarely
mentioned an analytical approach for step-up transformers in
high-frequency, high-voltage, and high-power IPOS converters.
Furthermore, the parasitic parameters are worth paying attention
to the influence of the resonant converter operation. Besides, The
leakage inductances for a 2-D based model are presented in [27],
while the capacitance parameters are precisely extracted [28].
However, they cannot be used directly since this paper focuses on
high-insulation, high-frequency, and high-power transformers.

The main contributions can be summarized as follows.

1) Equivalent time-domain equations of LLC converter are
proposed considering the stray and junction capacitances.
The equations can obtain critical conditions with the
ZV'S turn-ON conditions for the MOSFETs. It provides the
necessary conditions for the overall optimization of the
converter design.

2) In order to achieve a high voltage output with the utiliza-
tion of the 1200 V SiC SBD diodes, a multiple output
windings transformer is proposed, requiring high insula-
tion on the primary and secondary sides. Calculating equa-
tions in which the leakage inductance and the parasitic
capacitance can be unified into the time domain equation
are proposed.

3) Due to the complexity of the design variables, the re-
lationship corresponding to the combined transformer
and converter design has the uncertainty of the tar-
get. Hence, the Pareto method is introduced to opti-
mize efficiency and gain by unifying the relationship be-
tween the time-domain equation and transformer. Besides,
the optimization result is validated by simulation and
experiment.

The rest of this article is organized as follows. The topology
and operation with stray capacitance are presented in Section II.
Section III illustrates the crucial transformer model and its key
parameters. A Pareto optimization process is given in Section IV
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Fig. 2. High voltage power supply of (a) IPOS structure and (b) proposed
basic module.

and verified by the finite element method (FEM) simulation.
Then, Section V presents the experimental results and some
discussions. Finally, Section VI concludes this article.

II. OPERATION OF THE PROPOSED CONVERTER MODULE

Fig. 1(a) shows a graphic representation of the magnetic
power supply. The cathode needs a filament power supply for
heating. The output power is controlled by the magnetic field
power supply and the filament power supply. The high voltage
power supply is crucial to supply the high voltage energy.
From load characteristics in Fig. 1(b), Vi’s fluctuation range
is minimal for the operating region.

A. Modeling of the Module

As shown in Fig. 2(a), the high voltage power supply can be
designed as the IPOS structure, accompanied by the advantages
described in the introduction.

The essential element is the dc—dc module stage to lift and
isolate voltage in Fig. 2(b). It includes an inverter, an HF
transformer, and a rectifier. Each module is connected by way of
IPOS. The APFrectifier acts as a preregulator to slightly regulate
the output voltage.

Meanwhile, the inverter is a full bridge connected with the
transformer. It is a one-winding input and three-windings output
structure. C, and Ly, are the stray capacitance and leakage
inductance on the primary side.

(Cs1, Cs2, Cs3) and (Ly1, Lyo, Ly3) are the stray capacitors and
leakage inductances on the secondary side. Ly, is the magnetic
inductance. Besides, the rectifier is composed of three full diode
bridges connected in series. The resonant capacitors (C;1, C;2,
C;3) connect to the input side of the transformer. Furthermore,
the switching devices (S§; —S4) are SiC MOSFETs. The diodes
(D1—D12) use SiC-SBD diode with junction capacitors Cgoss
and do not reverse recovery.
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Fig. 3. Equivalent HF transformer and resonant circuit.

Ideal Parameters

Fig. 4. Simplified HF transformer and resonant circuit.

As for the transformers, it needs to realize the output voltage
sharing for each secondary winding. A suitable transformer
solution for the output voltage sharing is given in Section III.
Furthermore, the imbalance caused by leakage inductance is
given in Appendix A. Moreover, with the proposed transformer,
the output parameters of each winding are uniform.

Hence, the transformer parameters can be regarded as equal
as

Ns1=Ng=N43=N;/3 Lis1 = Lxs» = Lis3=Lxs /3 )
Np : NS:TL Crl = Crg = Crgz 3Cr .

Based on the abovementioned equivalent, three secondary
windings are equivalent to one winding, as shown in Fig. 3.

Based on the two-port approach, the primary side parameters
are converted to the secondary side shown in Fig. 4. Since L,
is larger than L, 4Ly, the equivalent values can be obtained as
follows:

Ly = n2Lp + Lys L1 = nQLm
Cy = C12/n?+Cs4 + (1 — 1/n)* (C13+Coy — Cha — Ca3).
2
Since the converter gain is an important performance, the
fundamental harmonic approximation (FHA) method is used
considering the stray capacitance. The gain M of the converter
can be calculated as follows:

M=1/

< 14 j Wl — 1/ (WCr) [ Reg >
jwlic{1+j (@Ci = 1/wh) [L = j (1/wC; Req) ]}

3

where R, is the equivalent resistance equaling 8n>R,/7>.
In the converter design, it is expected that M varies as small
as possible with R, realizing a wide load output range.
According to (3), the better gain characteristics can be ob-
tained with the larger L,,1, the smaller Cg;, and the switching
frequency f; closer to w;.
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Fig. 5. Switching patterns, main voltage waveforms, and main output wave-
forms of equivalent HF transformer and resonant circuit.

B. Operation of the Module

Fig. 5 shows the main waveforms for the steady-state op-
erating conditions. The switching sequences divide into eight
modes. Since the first half-cycle period is symmetrical to the
latter half-cycle, the whole operation analysis is replaced by the
first half-cycle.

Mode 1 [ty <t < t1]: First, S1 and S4 switch ON at #,. Since
the impedance values of L,,; and Cy, are large, at this time, the
resonance is mainly caused by Ly and C,.

The voltage n V; and V, apply to Ly and C,. V. is then
calculated as

Ve (t = to) = (V) — nVi + Vo) coswr (t — to)
+ [Im(l)/ (nwrcr)] sin Wr (t — tO) —|—n‘/; _ ‘/O

where Z, = /Ly /C; and w, = 1/v/LyC;.

iy EXpresses as
i (t—tg)= (Vc(l) +nV; — VO) Crw, sinw; (t — tg)
+ (Im(1)/n) coswy (t — to) .
Mode 1 ends when i, becomes zero.
Then, the duration time 7p; expresses as
1 — (I
tp1=—arctan ( (1)/n) .
Wr Ce (Vo) +nVi = Vo) wr

Since the only i, transmits energy in the whole period, Pt
can be calculated as

“)

(&)

(6)

ti2
P2V [ idt= 4V Vew @)
0

Mode 2 [t; <t < t5]: Mode 2 starts when i, becomes zero.
Then, i; continues to increase linearly. Since L, is much larger
than Ly, i1, is mainly determined by the input voltage V; and
switching frequency f.

This mode ends at # when i; reaches I1,(1). Im(1) €xpresses
as

Lny=Vi (1/fs — 2T4) / (4Lm) ®)

where Ty is the deadtime.
i.m can be expressed as

itm (t —t0) = — I;m(1) + 201y (t —to) - ©)
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Mode 3 [ty <t < t3]: Mode 3 starts when S; and S, turn OFF.
Then, i; starts to discharge capacitors C; and Cy, to charge
C, and C3. i; can be expressed as

_ oC —Chwi sinwit’ + Cowy coswit! X
13 (t - t2) - oss | (3A3t,2 + 2A4tl + A5) /A2 (10)

where t — to=t'; C,gs is the output capacitance of the MOSFETS;
Cqoss 18 the output capacitance of diodes. Since Cgpss 1S much
smaller than Cgs, the diode is assumed to complete the charging
process. Appendix B shows the remaining parameters. Here, the
voltage Vi1 of Cy can be expressed as

VMcl (t — tg) 201 COS wlt’ + 02 sin wlt’

— (At + Ast? + Aot + Ag) /Ao, (In

i, can be expressed based on Vi1 as

. . o (1/Lm) f (‘/1 - 2VMcl)dt/ + Im(l)

i (t—t) = (_2 (Coss + nZCsr) (dVager /dt) /n.
(12)

When Viyoes(t+1p1) = Vo - Ve1)/2, the mode of the

first half is completed. At this time, I, @)=Ina)+
(1/Lyw) Jpl (Vi = 2V,)dt , Vare12=Vate1 (tp1 + t2), and I, =
ir(tp1 + t2).
When the charge of Cqos5 is completed, V. = -V,,. Here, the
voltage Vg can be expressed as Veg=(1/Closs) f iy /2dt.
Then, the mode of the last half is completed when Vypc;
becomes V;. The duration should satisfy the relation

C'3 coswatpa + Cysinwatpg

_ Bstpo® + Bytpo® + Bstpo + Bg
By -

If i; does not reach zero at this time, resonance occurs through
Ly and C,, and S5 and S3 can be turned ON with ZVS.

Mode 4 [t3 < t < t;]: Mode 4 starts when i; becomes zero.
However, this mode leads to a loss of ZVS in turn ON.

In general, the energy is transferred to the load in mode I.
Furthermore, Mode 2 is desired as short as possible to reduce
processes because this mode does not transfer energy. Besides,
it is expected that the turn ON of ZVS is implemented in
Mode 3 without Mode 4.

The condition for achieving ZVS in turn ON is

(I/Lm) ((1/fs) - Td)2 > 64 (Coss + Osrn2 + nQCdoss) .
(14)

Vi. 13)

Besides, T4 needs to meet (15) as

Ta>tp1 + tpe. (15)

When the MOSFET is turned OFF, the stray capacitor Cg, and
Cqoss flow a portion of the turn-OFF current, which reduces the
conditions for the MOSFET to achieve ZVS. Therefore, it requires
an increase in the turn-OFF current.

The conditions for the implementation of ZVS are given in
(14) and (15). However, since the transcendental equation is
involved, the authors use the numerical solution of the fsolve
function in MATLAB to solve #,1, tp2, and Ly, for soft switching
realization.
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C. Efficiency of the Module

Efficiency is a crucial indicator for a module. The efficiency
can be evaluated when the B part establishes the time-domain
equations. First, the efficiency 7 can be calculated by losses
Psumloss and output power Py as

n= Pout/ (Pout+Psumloss) .

Since the P, for a single module has been specified for a
high power as 15 kW, the key is to calculate the total 10Ss Psymloss
for efficiency calculation. Since Py, is high, Some more minor
losses can be ignored, such as drive losses. Hence, the primary
considerations are the H-bridge turn-ON loss Py,05 on, the MOS-
FET turn-OFF loss Pyiosorr, the rectifier bridge 1oss Ppiode, the
transformer copper loss Prjoss, and the transformer core loss

P Closs-
Hence, the sum loss Pgymioss can be expressed as

(16)

Psumloss = PMosfon + PMOSoff + PDiode + ]DIloss + PCloss~ (17)

Furthermore, the H-bridge turn-ON loss Py,0s_on Can be ex-
pressed as

1
LT
Patoson = 4f-Fs.ox / i (1)t (1)
to

The turn-OFF losses of the switching devices are estimated.
The current, which flows to the MOSFETSs is regarded as a linear
decrease. Then, the turn-OFF losses Pyosorr Can be expressed
as

1 2,2
PMOSoffZTCOSSImu) " fs (19)
where ¢ is the turn-OFF time of the MOSFETS.
For the rectifier bridge loss, it can be expressed as
Poote = 12£.Vi / in(t)dt. (20)
to

The transformer copper loss and the transformer core loss can
be calculated next. With these expressions, the efficiency can be
expressed.

III. ANALYSIS OF THE TRANSFORMER
A. Modeling of the Transformer

In order to illustrate the characteristics of the transformers,
representative transformers with sectional secondary outputs are
selected. As shown in Fig. 6, the comparisons are shown under
the voltage and current conditions.

As a comparison, the primary and secondary sides of the UU-
type core around the core column produce a larger leakage field.
The magnetic field distribution of the secondary windings is also
uneven, especially in the middle one just in the middle of the air
gap. As an improvement, the secondary windings in Fig. 6 are
not close to the air gap. Furthermore, the leakage magnetic field
on the left and right sides is significantly reduced. Although the
structure of Fig. 6(b) is more uniform than Fig. 6(a), the induced
magnetic field of the secondary winding is also challenging to
achieve uniformity. Besides, since the winding surrounds the
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Fig. 6. Magnetic field simulation comparison of in (a) UU core with the
primary winding and the separated secondary multiwindings, wound of on
separated legs [29]. (b) UU core with the primary winding and the separated
secondary multiwindings, wound of on separated cores [27]. (c) EE core with
the primary winding and the separated secondary multiwindings, wound of on
middle leg [30]. (d) EE core with the primary winding and the parallel secondary
multiwindings, wound of on middle leg, when excitation current equals 18.75 A
in the primary winding and 6 A in the secondary windings.

core tightly, the requirement for core heat dissipation of the UU
core is high.

As for the EE-type cores, the leakage field is mainly confined
between the primary and secondary sides, allowing for smaller
leakage inductance and higher transformer efficiency. However,
the secondary side of Fig. 6(c) is wound in sections, which
leads to uneven distribution of the induced magnetic field to
the secondary windings.

Based on the abovementioned results, this article adopts a
transformer method with three strands of wires wound in parallel
for the secondary side. It makes the induced magnetic field
output from each winding uniform and, thus, achieves output
voltage sharing for each winding.

When the magnetic core and structure are determined, Fig. 7
shows the proposed transformer. The primary winding surrounds
the middle limb; thus, the secondary windings are easier to lead
out with three parallel strands.

Then, each strand connects to a separate rectifier bridge.
This approach makes the input voltage of each rectifier bridge
uniform. Since the skin effect and the proximity effect of the
windings, the Litz wire is utilized. Besides, choosing a long
hy allows the winding to be wound in one layer, reducing the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022
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Fig.7.  Structure of the proposed transformer. (a) Three-dimensional geometry
view. (b) Cross-sectional view.

proximity effect. As shown in Fig. 7(b), the size parameters

between the magnetic core and the windings are marked.
Based on the symmetry, some principles limit the geometric

dimensions of the transformer and are expressed by

hi+ ho +hs <2A+ hy;

3Ngds < hy;ly +l2+lg+ds+dp§3. 21
For the insulation distance, the limit is expressed by
la > liso l3 > liso h2 = h3 > 2liso (22)

where /i5, is the isolated distance considering the isolated voltage
Viso. Due to the consideration of the lead-out parts, /5 and hg
should be higher than /i,.

Insulation materials are commonly used to obtain higher
insulation voltage. There are some common insulation materials
compared in [27]. Organic silicon is chosen as potting insulation
material for its high dielectric strength and thermal conductivity.
Besides, a rule of thumb is that the dielectric strength varies
inversely with the thickness’s 0.4 power [31].

The relationship between /5, and Vig, expresses as

liso - (‘/iso/‘/ref)g (1/lref)%

where V,.r is reference dielectric strength under reference
thickness /,.qf.

(23)

B. Magnetic Modeling of the Transformer

The magnetic model is proposed to obtain magnetic strength
and leakage inductance. Four assumptions are present to sim-
plify the model as follows.

1) The ampere-turns N/, equals Ngl;. This assumption

makes no magnetizing or leakage flux in the core.

2) The permeability of the core is infinite. It makes the
magnetic field strength become zero inside the core.

3) The skin effect and approximate effect are neglected due
to the Litz wire and the single-layer windings.

4) The single layer is equivalent to the conductive foil. Fig. 8
shows the top-view profile of the simplified transformer
to analyze the model with a 3-D view. The position can
divide into six parts in the right half-plane from (a) to (f).

Hence, the top-view profile’s magnetic field strength is related
to the horizontal and core positions. Moreover, magnetic leak-
age energy is mainly stored in the windings, the gap between
windings, and the windings and core. Hence, Leakage energy
can be calculated.



ZHANG et al.: DESIGN AND OPTIMIZATION OF A MAGNETRON DC-DC ISOLATED POWER SUPPLY WITH HIGH EFFICIENCY

Secondary
Winding

Ferrite
Core

Primary
Winding

Fig. 8. Top-view profile of the transformer.

C. Calculating Parameters

This part focuses on calculating the vital parameters based on
the transformer modeling.

1) Air Gap: The air gap h, can reduce the core’s relative
permeability. L,, can be reduced by this method. Hence, the
magnetizing inductance L, can be controlled with the help of
ha

Lm - AeNpQ,UO//fr/ (Qha,ur + le) (24)

where p, is the core’s relative permeability; g is the air’s
permeability; /. is the magnetic path without air gap; A, is the
effective cross-section of the core.

However, the increase in s, cannot reduce the maximum
magnetic flux density By,. In contrast, it increases the copper
loss of the primary winding. Therefore, &, should adjust L,,, so
that it just reaches the ZVS condition.

2) Winding Turns: Considering the magnetic saturation, the
primary winding turn Ny, is limited by

Np = V;/ (444fsBmAe) . (25)

3) Iron Losses: A detailed comparison with arbitrary exci-
tation is presented [32]. The rectangular modified extension
steinmetz equation has high accuracy in the loss calculation.

The expression is given by

Pioss=(8/7) " k£." " B Vi (26)
where k, o, and [ result from the manufacturer’s curve fitting,
and Vgg is the core volume.

4) Copper Losses: The skin effect reduces through Litz wire
utilization in the proposed transformer. The proximity effect is
neglected due to the single-layer winding. The copper losses are
given by

p e L i () dt
+n]\7sw% O% ,L-r2 (t) d+

’ 27)
where F, considers the skin effect and p., is the electrical
resistivity of the wire. The Sg, and S, are the equivalent cross-
sectional area of the Litz wire for the primary and secondary
sides.

T
2

PCIoss: 4F’rpcu
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Calculating F, is given in [33] with the Dowell formula. F;
presents as

~, sinh(2A) +sin(2A)

" T cosh(2A) — cos(2A)

where A = d/§, with the d as the Litz wire diameter and ¢ as the
skin depth decided by the switching frequency.

5) Leakage Inductance: Leakage magnetic energy is calcu-
lated with the magnetic model in Part B and given in

(28)

6
1 2
Win = 510 / (42& >dv. (29)
Wi can also be expressed with Ly and I as
1
Wy = §Lkls2. (30)

Based on these, Ly can be calculated by (22) and (23), and
the magnetic field strength. It can be expressed as

Ly = 4poN2 f (11,12, 13, hy, ds, dy) (31)

where f(l1, I3, I3, h1, ds, d,) is the function related to Iy, lo, I3,
h1,ds, and d,. Furthermore, f(l1, l2, I3, h1, ds, d},) increases with
Iy, l2, and 3. Ly is proportional to the square of Ny.

6) Stray Capacitance: A method calculating the stray ca-
pacitance is presented with a flat model [34]. The single-layer
winding structure in this article can easily derive the capacitance
parameters based on the model. However, some structures have
complex electric field distribution, such as Fig. 6(a) and (b). The
calculations of stray capacitance may have significant errors and
require a more accurate method, such as the FEM. Moreover, a
simplified model is given in [35]. Combing with (2), Cg, is then
expressed by

Csr:(1 2 1)505r4h1[0+2(ll+dp)]

2 33 I

where ¢ is the permittivity of the air and ¢, is the insulation
material’s relative permittivity.

(32)

IV. DESIGN AND PROCESS OF OPTIMUM
A. Optimization Process

Based on the modeling of Sections II and III, the combined
design and optimization of the transformer and converter are
carried out. The relevant parameters and optimization goals are
shown in Fig. 9. In this article, the design aims to optimize
converter efficiency and voltage gain.

1) The module’s parameters are present in Table I. V; con-

siders being equal to 800 V with the utilization of 1200 V
SiC MOSFET.

2) According to (16), the insulation length /;5, is 8§ mm with
organic silicon for 60 kV isolation. Besides, 60 kV isola-
tion makes the module compatible with high voltage and
power level magnetron applications, up to 20 kV/120 kW.
Since the voltage on the primary side is low, the magnetic
core is close to the primary side. Then, /s, must be
smaller than /5 and I3 for the isolated design. Through
the calculation, the size of the Litz wire is presented.
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Fig. 9. Relationship of relevant parameters and optimization goals.

TABLE I
CALCULATION OF THE PROPOSED CONVERTER

Symbol Quantity Value

Vi input voltage 800V (DC)

>90%
(>25% rated power)

15 kW for one module
60 kV
2.5kV
=250 ns
550*400*133 (mm)

min minimum efficiency

Pout rated output power
Viso isolated voltage
Vi load voltage
Ty deadtime

L*W*H  design module size

TABLE IT
PARAMETERS OF THE TRANSFORMER

Symbol Value Symbol Value Symbol Value

h] dp*Np mm lz
hz (138-h1)/2mm 13
by (138-h)2mm A
1, Smm B

8 mm
35 mm
2 mm
8 mm

>=8 mm liso
20 — [, mm C
69 mm d.
35 mm d,

&l

Besides, The Litz wire of the primary and secondary sides
is 0.1 mm x 2000 strands and 0.1 mm x 330 strands. The
parameters of the transformer are shown in Table II. According
to Fig. 10, these parameters can be used for multiobjective
optimization after determining the dimension parameters. Based
on (33), the copper loss due to the excitation current is much
greater than the loss consumed in MOSFETSs junction capacitance
without the ZVS realization. However, L,, should not be small
either. It will increase the turn-OFF current and cause excessive
turn-OFF losses. Hence, the air gap £, is used to control L, just
for achieving ZVS realization

1
gpcher‘/iQ

C+2l;+d

P << 200 Vi2 33
SSPLm2f52 == COSS fS ( )

CapacitanceLoss
CopperLoss

Js» Np, and [ are decision vectors. There are some limits based
on the core, the insulation, and the switches. The goals are to
optimize efficiency 1 and gain M. The mathematical expression

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

Basic Parameters V;, Py, V1, and Ty
Set Initial Decision Parameters f(a), N,(b), and /»(c)
L2 v
Transformer Model Converter Model
Ly Cs and C;are Iy, Vo, and V; are

calculated based on i calculated based on
Section III.C Section II.B
T T
L I\YI del .
e e | v I
Pros Priosaft Priosoir
MOS_ON MOSoff MOSoff When C[‘:
Pamoss | 005
7=Poul (Pourt Prumios) (2f) L,
v
I Store efficiency 7 | | Store gain M
T T

Respectively modify
fs» Np, and 1,

If (f;<f:(max)
&&N,<N,(max)

&&12<lz(max)
No
| Determine the pareto frontier |
v
| Determine the best parameters |
End
Fig. 10. Optimized design process.
80
60
=40
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Fig. 11.  Variation in Ly and Cs, with the variable of /> and Np,.

is as follows:

max y =F(X) = (n(x), M(x))"
50kHz < fy < 125kHz
6 <N, <12

8mm < [y < 11mm
where X = [fS,Np,lg]T

subjectto (34)

With the calculation of Ly and Cg, they are variable with N,
and /5. Fig. 11 shows the figure of the Ly and Ci;.

Fig. 12 shows the efficiency 7 changing with f;, >, and N,,.
When f; increases to 100 kHz, 7 is slightly increased due to the
decrease of By,.

However, when f; rises, the frequency increases the iron loss.
In this case, it is necessary to reduce the size of the core to
reduce the core loss. However, the transformer volume cannot
be further reduced due to insulation and core limitation. From the
perspective of a single frequency, the decrease of /5 increases the
distributed capacitance, causing a decrease of 7). N, is a critical
factor affecting the transformer. As N, increases, 7) increases.
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Fig. 12.  Efficiency 7 in (a) fs = 50 kHz, (b) fs = 75 kHz, (¢) fs = 100 kHz,
and (d) Pout = 125 kHz due to the variable of /3 and Ny,.

M, f=50kHz
1

A
s 1110°N
(©

5, (mm)

Fig. 13.  Gain M in (a) fs = 50 kHz, (b) fs = 75 kHz, (¢) fs = 100 kHz, and
(d) Pout = 125 kHz due to the variable of /2 and N,.

A bigger N, can reduce By, and thereby reduce core losses. Of
course, if N, increases without limit, it increases losses in the
windings. At the same time, because bigger N, requires a larger
core, the core losses increase.

Since M is a curve that is not easy to measure intuitively, the
gain value M is selected as the voltage gain characteristic when
the capacitance C, deviation is 15%. From Fig. 13, the gain My
changes are limited due to the large equivalent impedance caused
by step-up characteristics. Furthermore, as the f; increases, My
decreases due to the decrease of L,,. Furthermore, the more Ny,
M 4 becomes smaller due to the increase in Ly.. Simultaneously, as
l> decreases, the distribution capacitance becomes larger, which
leads to an increase of M.

As shown in Fig. 10, by substituting the minimum of the three
parameters to the given formula, the values of the individual
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Fig. 14.  Pareto optimized result.
TABLE III
CIRCUIT PARAMETERS OF THE ISOLATED TRANSFORMER
Symbol Simulated Calculated Deviation of
4 Value Value the value
L 190 pH 208 uH 8.6% |
Ly 59 pH 55 uH 6.78% 1
Cy 39 pF 41 pF 33% ]

points can be solved. The obtained efficiency and gain values
are saved. Furthermore, the My and 7 are calculated by varying
the above three parameters with the variable of specific step
values until these three parameters reach the maximum values.

Following this method, the point values can be plotted in
Fig. 14. Moreover, the weight analysis method is adopted. The
analysis is carried out according to the weight of 9:1 for consid-
ering that M varies over a narrow range. The optimal results are
equal to 100 kHz, 12 turns, and 11 mm.

A. Simulated Verification

First, FEA simulation is used to verify the calculated pa-
rameters shown in Table III. In summary, compared to the
simulated values, the errors in the calculated magnetic field
values are mainly due to treating the permeability of the core
as infinity, neglecting the edge flux generated by the air gap,
and idealizing the magnetic circuit. The electric field calculation
mainly equates the coils into a plane, idealizing the distribution
of the electric field. The magnetic path’s idealization results in a
short magnetic flux path, resulting in a large calculated value for
magnetic calculation. For leakage calculation, two main points
further lead to the calculated value smaller than the simulated
one: 1) The copper foil ignores the leakage inductance between
turns. 2) The leakage inductance energy stored in the core and the
transformer shell is ignored. However, the FEA method fails to
reveal the intrinsic relationship with time-consuming and much
computing resources.

Furthermore, the calculation and model presented have rela-
tively high precision for design. To illustrate the advantages of
the proposed transformer, the FEM simulation of the segmented
windings is compared. The comparison results are shown in
Table IV. The proposed transformer is more uniform than the
segmented one from the results.

Fig. 15 shows the magnetic field distribution of the proposed
transformer. The main leakage flux is in the space between the
primary and secondary windings, consistent with the equiva-
lent model. Through precise parameters obtained by the FEM
simulation, the converter is verified by time-domain simulation.



9400

TABLE IV
COMPARISON OF THE TRANSFORMERS

Mutual Inductor Secondary Secondary Secondary

With Primary Side Windingl Winding2 Winding3
Proposed One 272 uH 273 uH 272 uH
Segmented Winding 269 pH 279 uH 269 uH

Primary
Winding

Fig. 15. Magnetic field distribution of the transformer when excitation current
equals 18.75 A in the primary winding and 6 A in the secondary windings.
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Fig. 16.  Waveforms in (a) inverter and (b) rectifier when input voltage and
output power equal to 800 V and 15 kW.

Fig. 16 shows the main voltage and current with the 800 V input
and 15 kW output. The dotted line shows the waveforms of the
computed model. The trend of both changes is the same.

B. Representative Topologies Simulated Comparison

The voltage and current levels compared in the literature are
not consistent with the representative topologies. Therefore,
Fig. 17 shows the representative topologies analysis by simu-
lating the loss analysis.

Inverter losses, the frequency, and stray capacitance are op-
timized in this article compared to [11], resulting in lower
turn-OFF losses of MOSFETs. The LCC resonant converter has a
low turn-OFF loss due to the low turn-OFF current. However, the
turn-ON losses are higher than the LLC converter due to charge
shifting on the junction capacitance of the MOSFETs. Although
the PSFB achieves ZVS, the turn-OFF loss is highest due to the
high turn-OFF current.
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LLC + Voltage Doubling Rectifier Ref[11]
75 (45 BEGR
LCC + Full Bridge Rectifier Ref [21]

PSFB + Full Bridge Rectifier Ref [9]
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66 60 98.8%
s
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Fig. 17. Loss analysis of the representative topologies.
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Fig. 18.  Photograph of IPOS module prototype. (a) Test panorama. (b) Mod-
ules prototype hardware. (c) Transformer prototype.

Transformer losses, despite the increase of frequency to re-
duce the magnetic density in [11], the magnetic and copper
losses caused by the proximity effect, skin effect increase si-
multaneously. In contrast, this makes the losses increase. While
LCC, PSFB, and this article, losses are considered the same due
to similar voltage and current in the transformer.

As for the voltage doubling rectifier, the number of diodes
is reduced for the rectifier bridge losses. The boost ratio is
double due to voltage doubling rectification. However, the output
capacitance needs to be more significant. At the same time, the
load cannot be high as full-bridge rectification. Nevertheless,
voltage doubling rectification can be a way to reduce losses in
some cases where the load is light.

After comparison, the model and design integrate the opti-
mization of whole converter losses.

V. EXPERIMENTAL RESULTS

To verify the proposed converter’s effectiveness, an ex-
perimental prototype has been implemented using 1200-V
C2MO0040120D SiC MOSFET and 1200-V SCS220KE2 SBD SiC
diode, as shown in Fig. 18(a).
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TABLE V
MEASUREMENT PARAMETERS OF THE PROPOSED TRANSFORMER

Self Inductor Leakage Inductor ~ Voltage
Primary Side 184 pH 7.05 uH 800V (in)
Secondary Side 1 243.4 uH 870 V(out)
Secondary Side 2 243.6 uH 57.5 uH 873 V(out)
Secondary Side 3 2433 uH 871 V(out)
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Fig. 19.  Experimental waveforms for Py = 15kW. (a) V, and i;. (b) V- and
ir and Poyuy = 7.5 kW. (¢) Vp, and ij. (d) Vy and i,.

Each measured and simulated value parameters maintain an
acceptable consistency shown in Table V. The actual manufac-
turer cannot make the transformer with perfect consistency with
the FEM model. Moreover, the parameters of the material cannot
be consistent. However, as long as the error of the calculated
model is within the acceptable range, the actual transformer is
available.

Fig. 19 shows the experimental waveforms under rated load
(15kW) and halfload (7.5 kW). Fig. 19(a) and (c) shows that turn
ON of ZVS is achieved for MOSFETs. Fig. 19(b) and (d) shows that
ZCS is achieved for rectifiers. Furthermore, as the load becomes
light, the turn-OFF time of the current in the secondary decreases.
It is due to the rapid current increase caused by the junction
capacitance of the diode.

Therefore, the current rapidly becomes zero under light load.
Model 3 analyzes in detail the charging of this process. The
detailed analysis process and optimization under light load are
discussed in [36]. Moreover, Fig. 20 shows the appearance
of Mode 4. Since the dead time is more significant than the
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Fig. 20.  Experimental waveforms for the appearance of Mode4.
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Fig. 22.  Loss breakdown of the proposed module.

calculated value, the current drops to zero when the MOSFETS are
turned OFF. The current charges the capacitors of the MOSFETS
again. If the MOSFETs are turned at this time, ZVS will be lost. It
also leads to an increase of interference from the drive waveform.

Fig. 21 shows the results for input and output parameters.
The power analyzer gives the input parameters of 15.44 kW.
Due to the high output voltage limit, the three-digit precision
battery-powered ammeter gives the output current. The output
power is calculated as 15.22 kW. Then, the efficiency of the
proposed system is calculated as 98.6%.

Loss breakdown under the rated load is analyzed in Fig. 22.
The calculated loss is given by the loss model shown in Fig. 10.
The direct measurement of the loss is not straightforward due to
the high-frequency switching. Hence, the loss of each part can
be obtained measured using a high-precision power analyzer of
PW6001. Moreover, the transformer is placed in a thermostat
to reach the rated operating temperature to separate the trans-
former’s loss. Then, a high-frequency LCR meter is used to
measure its ac resistance directly. In this way, the loss of the
transformer can be separated. However, with the limit of the
measuring devices, the inverter losses cannot be separated as
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turn-OFF loss and conduction loss. Moreover, the experimental
losses are larger than the calculated loss. Three aspects have
caused this deviation.

1) The PCB trace parameters are not taken into consideration.

2) The transformer losses ignore the influence of the edge

magnetic flux. The temperature of the windings is regarded
as uniform.

3) There is a deviation in the voltage drop parameters of the

diode.

Nevertheless, the loss of the PCB is fixed. Therefore, the
optimized data obtained by this model is acceptable.

Fig. 23 the efficiency trends of the calculated and experimental
values are consistent under different load conditions. However,
as the output power decreases, the deviation between the two
values becomes larger. As the output power decreases, the fixed
losses generated by the experimental platform, such as the PCB
and connectors, take up a more significant percentage.

Fig. 24 shows the principle of the insulation test. It mainly
uses the adjustable transformer to boost the line frequency
voltage. It reads the indications of the microampere meter and
the voltmeter to obtain the insulation test results. The voltage
divider side and the step-up transformer negative pole should be
well-grounded to ensure safety during the process. Besides, the
converter’s primary side and the magnetic core are grounded.
The secondary side is connected to high voltage, satisfying
the operating conditions. In Fig. 24(b), the test environment is
dark, facilitating the observation of possible sparking during the
process.

Fig. 25 shows the insulation test results of the transformer
after the insulating material is potted. The result has passed the
60 kV voltage test for more than 3 m. The results show that
the maximum current is 8 pA, which meets the insulation test
requirements according to IEC 60073-3.
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VI. CONCLUSION

An all-SiC IPOS isolated dc—dc converters for magnetron
application was investigated in this article. The series-resonance
added is presented with the turn ON of ZVS on the primary side
and all-ZCS realization on the secondary side, considering the
critical stray capacitance.

Furthermore, a three multioutput transformer is developed to
realize output voltage sharing for the 1200 V SiC-SBD diodes.
The proposed design and calculating methods are present with
Pareto optimization. Moreover, an example presents the simula-
tion and experimental results. The prototype fits the magnetron
requirement and achieves a peak efficiency of 98.6%.

APPENDIX

A. Leakage Inductance Imbalance Analysis

To illustrate the effect of uneven winding leakage inductance,
the equivalent model of the two windings is shown in Fig. 26.

In transformer fabrication, the manufacturer is focused on
the number of turns to inspect and make. However, the leakage
inductance of each winding allows for a certain amount of error.

On this basis, the analysis focuses on output voltage unbalance
when the leakage inductance has deviated.

Winding 1 is assumed to be in resonance. The leakage induc-
tance of Winding 2 has deviated. The amount of deviation of Vo
is used to measure this effect.

Thus, the load resistance Ry, can be expressed as

Req = Ry + Ry = 8Ry /7. (35)
According to Ohm’s theorem, Ry can be expressed as
Ry = VvogReq/ (an + VOQ) . 36)
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Fig. 27. Curve of output voltage variation with the deviation of leakage
inductance.

Since the switching frequency operates near the resonant
frequency, the FHA can be used for calculation. According to
Kirchhoft’s voltage theorem, V2 can be expressed as

_ nV, jwlys//jwLlm
ijkQ ijkQ//ijm + 1/]&)0 + RQ

Vo2 Ro.  (37)

Substituting (36) into (37), V2 can be expressed as
V02 = an

(w2CLk2 +ijReq — 1) Ly — Lio
(—w?CLks + jwCReq + 1) Ly + Lo (JwCReq + 1)

. (38)

Taking the module operation for (38), V2 can be expressed
as

V02 = an

(CLynw)? (Li2?w? + Lin?Reg?)
—2CLmLia (Lna + L) w? + (Lia + L)
(CLmw)? (Liow? + Ly’ Reg?)
/ | =20LmLis (Lia + Lin) w* + (L2 + Liw)®
+2LmLk2(CRLW)2 + (CLkQRLOJ)2

. (39)

According to (39), the denominator below the root sign has
two more terms than the numerator. The rest of the terms are
equal. Therefore, V2 negatively varies Lo when the remaining
parameters are constant. As shown in Fig. 27, the designed
values are substituted (39) to give a more intuitive view of the
variation law of Vo with Lys.

When leakage inductance deviates from 15%, the output
voltage has a deviation of 10 V. However, due to the good
uniformity of the leakage inductance, it is only about a 1%
deviation in this article. Therefore, the output voltage deviation
is less than 2 V. This is desirable in practical applications. As a
result, all transformer secondary turns and leakage inductances
are assumed to be equal to simplify the model.

B. Coefficients of the Time Domain Equation
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