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ABSTRACT The series resonant converter (SRC), controlled by the traditional pulse frequency modula-
tion (PFM) with constant on-time, can operate in discontinuous conduction mode (DCM) and is applicable
for high-voltage high-power applications with the requirement of a wide output voltage range. However,
in the traditional PFM with constant on-time, the resonant capacitor voltage will be higher than the input
voltage during the zero current stage, leading to a higher maximum magnetic flux density (MMFD) case.
To avoid this, a novel asymmetric pulse frequency modulation (APFM) with constant on-time is proposed for
SRC operating in DCM, where the MMFD of transformer core varies linearly with the operating frequency
and output voltage among the whole output voltage range. The high-power transformer can be designed
according to highest operating frequency and the transformer turns ratio can be designed to be small.
Furthermore, the proposed APFM leads to smaller peak current for all switches and fully zero-current-
switching can be achieved. The output power and voltage can be still regulated, meeting the high-voltage
high-power applications. For the proposed APFM, there are four different driver combinations with exact
the same effects and advantages. The theoretical analysis has been validated by the established simulation
model and experimental platform.

INDEX TERMS Series resonant converter (SRC), asymmetric pulse frequency modulation (APFM),
constant on-time, magnetic flux density (MFD), small peak current.

I. INTRODUCTION

The high-voltage high-power converter is the key unit of high-
voltage equipment, for example, the electrostatic precipitator
(ESP) and X-ray power generator in environmental protection
and medical industry fields [1]-[4]. Moreover, to meet the
practical demand in such applications, the high-voltage high-
power converter should be able to operate in wide output
power/voltage range, like dozens of kilowatts/kilovolts to
hundreds of kilowatts/kilovolts [1].

High-voltage large-current semiconductors are required
for such applications, where IGBTs are preferred rather than
MOSFETs thanks to the much higher voltage and current
ratings [5]-[7]. To eliminate the tail current effect and reduce
the switching loss of IGBTs, the soft-switching technique of
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zero-current-switching (ZCS) should be employed [6], [7].
The resonant converters can generally realize ZCS easier
and have been paid a lot attention [3], [8]-[20]. For exam-
ple, the parallel resonant converter is one candidate for
such high-voltage high-power applications due to the fact
that the capacitive output filter [8], without a bulky and
difficult-manufactured high-voltage filter inductor [9], can
be utilized. However, it has a relatively large circulating
current with relatively low conversion efficiency at light
loads. The series-parallel resonant converter (SPRC), featur-
ing with high voltage gain, can also be adopted since both
the leakage inductance and winding capacitance of high-
power transformer can function as the resonant components
[10]-[12]. The SPRC is difficult to design and optimize due
to the difficult assessment of the transformer parasitic param-
eters, especially the winding capacitance. The full-bridge
series resonant converter (SRC) is another available resonant
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approach to achieve ZCS for IGBTSs, where the capacitive
output filter can be utilized as well and makes it suitable
for high-voltage applications. Moreover, with inherent short-
circuit protection, the SRC can function as a current source
for resistive load [13]-[15]. For applications such as high-
voltage ESP [1], [2], where short-circuit like flashover might
frequently happen, it is a great advantage.

To realize ZCS for the four IGBTs in SRC, the
discontinuous-conduction-mode (DCM) should be adopted.
Based on different modulations, the SRC operating in
DCM (DCM-SRC) can be assorted into four main kinds.
The first kind is well known as the half-cycle DCM-SRC
(HC-DCM-SRC) [16], [17], which can be found in solid
state transformer for smart grids and traction systems with
significantly reduced system size and weight [18]. Actually,
the HC-DCM-SRC can be seen as a dc transformer and
has no power and voltage control ability [17]. To meet the
wide output voltage range requirement, the pulse frequency
modulation (PFM) can be employed. For example, the second
kind of DCM-SRC is controlled by PFM with a constant 50%
duty cycle to realize the output voltage regulation [3], [15],
leading to a wide switching frequency range. Although the
ZCS can be achieved for all IGBTS in this kind of DCM-SRC,
the high-power transformer needs to be designed according
to the lowest switching frequency since the magnetic flux
density (MFD) value of transformer core is highest at lowest
switching frequency. As a result, the transformer size is large
and the total cost is high. To solve the problem of high MFD
at low frequency, a novel control called the pulse removal
technique is introduced in [19], [20], which can be classified
as the third kind of DCM-SRC. But it is more suitable for dc
transformer applications just as the first kind of DCM-SRC
since only the output power can be regulated but with con-
stant input and output voltages. The last kind of DCM-SRC
is modulated by the traditional PFM with constant on-time
[21], [22], where fully ZCS can be achieved for all IGBTs
and the output power and voltage can be regulated easily.
However, the maximum MFD (MMFD) of transformer core
will increase unexpectedly after the output voltage rising to
a certain value, where the transformer step-up turns ratio
is smaller than two times of output voltage/input voltage
(i.e., n < 2Vy/Viy). Few literatures have discussed the MFD
of the last kind of DCM-SRC within a wide output voltage
range. Additionally, the peak current of IGBTs is high under
the traditional PFM with constant on-time.

An asymmetric pulse frequency modulation (APFM) with
constant on-time for DCM-SRC is proposed in this paper
to solve the above problems, where all IGBTSs can achieve
fully ZCS among the whole operation range. Among the
whole output voltage range, the MMFD of transformer core
increases linearly with the increase of operating frequency
and output voltage, avoiding the unexpected MMFD increase
case in traditional PFM with constant on-time. And the high-
power transformer can be designed according to highest
operating frequency instead of lowest operating frequency.
Furthermore, there is no much restriction on the transformer
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turns ratio except for that it must be larger than the value
of output voltage/input voltage (i. e., n > V,,/Vj,) since the
voltage gain of SRC is inherently smaller than one. Hence,
the transformer turns ratio can be set as much smaller. The
proposed APFM can realize the regulation of the output
power and voltage, which can meet the requirement of appli-
cations such as ESP and X-ray power generator. Meanwhile,
the peak current of IGBTSs is smaller, where IGBTs with lower
current rating can be utilized.
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FIGURE 2. Key waveforms of traditional PFM with constant on-time.

Il. PROBLEM OF TRADITIONAL PFM FOR DCM-SRC

A SRC is illustrated in Fig. 1, including four switches
01 ~ Q4 and four rectifier diodes Dg; ~ Dg4, where the res-
onant inductor Ly and resonant capacitor C; form the resonant
tank, and N1 and N, are turns of primary and secondary wind-
ings of the high-power high-frequency transformer, respec-
tively, and n = N/Nj. The key waveforms of traditional
PFM with constant on-time are drawn in Fig. 2, where the
switching frequency is variable to regulate the output voltage
and power. Switches Q1 and Q4 have the same gate driver
with constant on-time, so do the switches Q> and Q3 with half
a switching period delay from Q; and Q4. And the constant
on-time is the same for all switches. As shown in Fig. 2, there
are three stages for traditional PFM with constant on-time
during [#, #4], namely, the forward resonant stage [fo, #1],
the backward resonant stage [#1, 73], and the zero current stage
[t3, t4]. Some already-known results will be briefly presented
and before that, some assumptions are made as follows:
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1) all the switches, diodes, transformer and capacitors are
ideal;

2) the output voltage V, is considered to be constant at
steady state;

3) the parasitic capacitance of high-power high-frequency
transformer is not that large [20] and can be further
reduced through optimized multi-section multi-layer
structure of the secondary winding [23], [24], hence,
it is neglected.

Referring to [15] and [22], the peak current of forward

resonant stage and backward resonant stage of the traditional
PFM with constant on-time can be expressed as

IPF_I = (th + VO/”) /Zr (1)
IpBJ = (Vin - Vo/”) /Zr
From Fig. 2, Vy, is the voltage across C; during
the zero current stage, which satisfies with (2) according
to [15] and [22].

Vit =ves (13) = —ves (1) = 2Vo/n @

It is easy to find that V;_, will increase with the increase of
V,, and it will be higher than V;, when n < 2V,,/V,. In that
case, the anti-paralleled diodes of Q) and Q4 are naturally
turned on and a current path can be formed, leading to an
unexpected MMFD increase during the zero current stage.
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FIGURE 3. Key waveforms of proposed APFM with constant on-time.

Ill. ANALYSIS OF PROPOSED APFM FOR DCM-SRC

To avoid the unexpected MMFD increase case, namely,
to avoid the resonant capacitor voltage during the zero current
stage is higher than V;,, an APFM with constant on-time is
proposed. The key waveforms of proposed APFM are drawn
in Fig. 3, where the resonant inductor voltage is included
in the transformer primary winding voltage v, for the trans-
former leakage inductor is adopted as the resonant inductor
without any extra series inductor through proper transformer
design. [fy, tg] is one operating period T, which can be
classified into six operation stages.
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1) Before fy: As shown in Fig. 3, all the switches are
under off state, there is no current flowing in any
switches and diodes, and the voltage across Cj, vy,
keeps unchanged. Besides, both v, and the transformer
MEFD B; keeps unchanged with the value of zero.

2) Stage 1 [10, t1] (see Fig. 4(a)): At tp, Q1 and Q4 are
turned on simultaneously, Ly starts to forward resonate
with Cy, and the resonant inductor current i, rises
from zero, where ZCS turn-on is achieved for both
Q1 and Q4. Obviously, this stage lasts half of the res-
onant period T, of L and Cs, i. e., t; — tyg = 0.5T,.
During this stage, i, can be expressed as

Vin — Vo/n —ves (1)
Z

ir(t) = Lpsinw, (t — 1), Ir=

3)

where I is the peak current of Stage 1, and

wr = 1/y/LiCs,Z, = \/Ls/Cs 4
Since i, is positive during this half resonant period, C; is
charged and the following can be obtained

21
"g = 2[Vin — Vo /n — vy (10)]

&)

Referring to Fig. 4(a), the voltage across the secondary
winding is clamped by V,, during Stage 1 (hence, v, varies
with the resonant inductor voltage, as shown in Fig. 3), and
the transformer core is magnetized and B; increases linearly
as shown in Fig. 3. According to the Faraday law of electro-
magnetic induction, one can obtain

V. d N1B; (1) A

—0—N1—¢= 1B: (1) A (6)
n dt 7w +/LsCs
where A, is the effective cross-sectional area of transformer
core.

3) Stage 2 [11, 13] (see Fig. 4(b)): At t1, O is turned off
while Q> is turned on. Hence, O, the anti-paralleled
diode of Q4, and the transformer primary winding pro-
vide a backward resonant path for L; and C;. Since i,
has decayed to zero at #1, ZCS is realized for both O
and Q». This stage is the other half resonant period, i.
e., 13 —t; = 0.5T,. Within time interval [¢{, t3], i, starts
to reverse from ¢#1, and it can be presented as

ves (1) — Vo/n

Ip=——7-—7— (@
pB Zr ()

ves (1) — ves (fo) =

ir(t) = =lppsinw, (t — t1),

where I,p is the peak current of Stage 2.
Since i, is negative during this stage, C; is discharged and
the following can be obtained

21,
w,Cy

Taking the symmetrical operation principle of the converter
into consideration, v¢y should satisfy with

ves (13) —ves () = — = —2[ves (1) — Vo/nl (8)

ves (13) = —ves (t) 9
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FIGURE 4. Current paths of one operation period. (a) Stage 1 [t,, t;].

(b) Stage 2 [t,, t3]. (c) Stages 3 and 6 [t3, ;] & [t;, tg]. (d) Stage 4 [t,, t5].

(e) Stage 5 [t5, t;].
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Combining (5), (8), and (9), and one can get

ves (13) = —ves (o) = Vp =2V, /n— Vi,

10
ves () = Vi = Vi (10)

where Vy is the voltage across C; at the end of the resonance
and V), is the maximum voltage across Cs. Vy will increase
with the increase of V,,, and it is negative when V,, is low then
it can turn to be positive with the increase of V,,; while V,,, is
a constant value of V,.

For Cj is discharged during [#1, 3], vcs(t1) > ves(23) and
it can be concluded that V; is smaller than V;, regardless of
the value of n. According to the conclusion in Section II, the
unexpected higher MMFD of the traditional PFM with con-
stant on-time can be completely avoided when the proposed
APFM is adopted. In other words, even V,, increases to meet
that n < 2V, /Vi,, the MMFD will not increase unexpectedly
with the proposed APFM. Furthermore, (11) can be obtained
since Vy < Vi, and it should be the design rule for n to
guarantee the normal operation of the proposed APFM for
DCM-SRC.

n>V,/Vi an

Substituting (10) into (3) and (7), and I,r and I, can be
expressed as

IpF =V,/ (nZ,)
Ipp = Vin = Vo/n) | Zy

As can be seen, I,r will increase with the increase V,
while I,p will decrease. By comparing (1) and (12), one can
find that I,r of the proposed APFM is much smaller than
that in traditional PFM with constant on-time. In fact, since
Vin > Vo /n according to (11), I,F can be at least 50% lower
than I,r ;.

(12)

Referring to Fig. 4(b), the voltage across the secondary
winding is clamped by —V,, during Stage 2 (v, varies with
the resonant inductor voltage as well), the transformer core
is demagnetized and B; decreases linearly. Since the time
intervals of Stages 1 and 2 are exactly the same of 0.57,, B;
will decay to zero at 3, as shown in Fig. 3. Hence, the MMFD
By, of the proposed APFM can be expressed as

7 Voa/LsCy

By =B (1)) = TONA, (13)
e

As shown in Fig. 4(b), the current flows through the anti-
paralleled diode of Q4 the whole stage. Hence, Q4 can be
turned off with ZCS at any moment #; and f3. Without loss
of generality, Q4 can be turned off at 7,.

4) Stage 3 [13, t4] (see Fig. 4(c)): Q> is turned off with

ZCS at t3 since the backward resonance is over at
that time. During this stage, as Vy is lower than Vi,
there is absolutely no current flowing in the resonant
tank through the paralleled diodes nor the secondary
side and vcy keeps unchanged with the value of Vy.
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Hence, Stage 3 can be called the zero current stage.
Meanwhile, both v, and B; keeps unchanged with the
value of zero.

As shown in Fig. 3, Stages 1 to 3 are half of the operation
period, i. e., t4—t9 = 0.5T. Due to the symmetrical operation
principle of SRC, Stages 4 to 6 during [t4, 73] will be briefly
presented in the following.

5) Stage 4 [t4, t5] (see Fig. 4(d)): At ta, Q> and Q3 are
turned on with ZCS simultaneously, Ly starts to back-
ward resonate with Cy, and i, reversely rises from zero,
of which the peak current is —/,r. Since the voltage
across the secondary winding is clamped by —V,, B,
reversely increases to —B,, at ts. It is the same as Stage
1, and this stage lasts half of the resonant period, i. e.,
ts —t4 = 0.57,.

6) Stage 5 [1s, 17] (see Fig. 4(e)): t7 — t5 = 0.5T, with O3
is ZCS turn-off and Q4 is ZCS turn-on at t5. The trans-
former primary winding, Q4, and the anti-paralleled
diode of Q5 provide a forward resonant path for L; and
Cs, hence, Q7 can be turned off with ZCS at . Similar
within Stage 2, the peak current of i, is I,p during
this stage. The voltage across the secondary winding
is clamped by V,, during this stage, leading to B, will
reversely decrease to zero at #7.

7) Stage 6 [#7, 3] (see Fig. 4(c)): Q4 is turned off with
ZCS at t7 and there is no current flowing in the primary
and/or secondary sides, with that v¢g keeps unchanged
with the value of —Vy. Hence, Stage 6 is the zero
current stage as well. Similar within Stage 3, v, and
B; are zero during this stage.

In practice, to avoid turning on Q5 before #1, some reason-
able dead time can be added between Stages 1 and 2 and v¢g
will keep unchanged as V;, during that dead time. Likewise,
the same dead time can be added between Stages 4 and 5,
during which v¢g will keep unchanged as —Vj,.

Based on the above analysis, the total power can be cal-
culated within [fg, t4]. It can be obtained as (14) from the
secondary side (assuming the conversion efficiency is 100%).

/'JT«/LSCS 1

F .
L in w,tdt
n

Pin :zf:vvo(

0

7+/LsCs I
pB .
—|—f —— sin w,tdt
0

n

M Vo(Lr+ L) V2
= L TR _p o= o

14
nowy R, (14)

where R, is the load resistance and f;(= 1/Ty) is the operating
frequency of Q1 and Qs, while the operating frequency of
0> and Qg is 2fs, as shown in Fig. 3. It should be noted that
since all the switches can realize ZCS, the higher operating
frequency of Q> and Q4 has no impact on the switching loss.

When it comes to the conduction loss, since there are two
more resonant stages for Q> and Q4 ([t1, #3] and [#s, t7]), Q2
and Q4 have higher conduction loss. Hence, when designing
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the experimental platform one should pay attention on the
higher conduction loss of Q> and Q4.
Substituting (12) into (14), one can get
_ 4fs VinRocs

Vo= —-— 15)
n

From (15), it can be concluded V,, will increase linearly
with the increase of f; when the load of SRC is a constant
resistor.

By summarizing the above analysis, some conclusions can
be made when the proposed control adopted:

i) ZCS turn-on and turn-off can be realized for all
switches.

ii) The peak current of four main switches is at least 50%
smaller and IGBTs with lower current rating can be
adopted.

iii) n can be designed with rule of n > V,/V;,. Then,
regardless of the value of n, there is |Vy| < Vj,
and there is no current flowing in the primary and/or
secondary sides during the zero current stages. Hence,
vp and B; are zero during the zero current stages and
the unexpected MMFD increase under traditional PFM
with constant on-time will never occur.

iv) Among the whole V, variation range and even when
that n < 2V,/Vi,, By, of the proposed control can be
calculated with (13), which is proportional to V,,.

v) V, is proportional to f; under resistive load. And the
high-power transformer can be designed at the highest
switching frequency.

A
V. e
Pid Vt
,‘/0 _x" =
T2 T2

FIGURE 5. Square waveform of secondary winding voltage in many cases.

Generally, the secondary winding voltage of transformer is
square wave in most cases, as shown in Fig. 5. According to
the Faraday law of electromagnetic induction, one can obtain

d N>By, GA
v, = Ny 20 _ NobmcAe (16)
dr T/4
where B, is the MMFD in general cases.
Since N2 = nNj, By,_g can be expressed as

B VoTs

mG = nN1A,
Obviously, By, ¢ is proportional to 7 and will be high if
f5s is low. In such case, to make sure the normal operation of
transformer, the A, should be large to get low B, ¢ and avoid
the transformer saturation problem. As a result, the trans-
former should be designed at the lowest switching frequency.

7)
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FIGURE 6. Alternative resonant current paths. (a) For Stage 2 [t,, t5].
(b) For Stage 5 [ts, t;].

Referring to (13) and (17), it can be found that B,, of
the proposed APFM has no such problem with the same V,,.
As a result, the transformer can be designed at the highest
switching frequency without that large A,.

Additionally, Q5 is turned on at #; to provide a backward
resonant current path for Stage 2. Actually, one can choose to
turn on Q3 rather than Q> to provide the current path for Stage
2, as shown in Fig. 6(a). In such way, the backward resonant
current flows through the anti-paralleled diode of Oy, O3, and
the transformer primary winding. It should be noted that it has
the same v¢sy, i, and B; during Stage 2. Hence, there are two
alternative current paths (Fig. 4(b) and Fig. 6(a)) for Stage
2. Likewise, one can choose to turn on Q1 rather than Q4 at
t5 to provide the forward current path for Stage 5. As shown
in Fig. 6(b), the forward resonant current flows through the
transformer primary winding, the anti-paralleled diode of
03, and Q1. Hence, there are two alternative current paths
(Fig. 4(e) and Fig. 6(b)) for Stage 5 as well. As a result, there
are four different APFMs. Except for the first APFM shown
in Fig. 3, the left three APFMs are drawn in Fig. 7. As can
be seen, all the APFMs have exact the same current, voltage
and MFD waveforms, leading to exact the same effects and
advantages. Hence, the first APFM with constant on-time is
taken for analysis.

IV. SIMULATION VERIFICATION AND COMPARISON

To validate the above theoretical analysis results and com-
pare B, of the proposed APFM with that of traditional
PFM among the same output voltage range, the same sim-
ulation parameters are adopted, as presented in Table 1.
The transformer core is made of nanocrystalline material
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FIGURE 7. Key waveforms of the other three APFMs. (a) Fig. 6(a)
for Stage 2 [t,, t5] and Fig. 6(b) for Stage 5 [t5, t;]. (b) Fig. 4(b) for
Stage 2 [t,, t5] and Fig. 6(b) for Stage 5 [t5, t;]. (c) Fig. 6(a) for
Stage 2 [t,, t;] and Fig. 4(e) for Stage 5 [ts, t;].

which is suitable for high-power and high-frequency appli-
cations for its high unsaturated relative permeability (4, ynsar
and high saturation MFD By,. To make the simulation
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TABLE 1. Simulation parameters. TABLE 2. Peak current comparison.
Symbol Quantity Symbol Quantity Symbol Quantity v Traditional PFM Proposed APFM Reduced by

Vin 540V N 1920 Hr.unsat 30000 ’ bor ¢ Ly

L 8 uH n 160 B 12T 35kV 783 A 315 A 59.8%
Cs 6 pF R, 72 kQ G, 125 nF 58.3kV 657 A 189 A 71.2%

£ 23 kHz A, 144 cm’

M 12 / 100 cm

600

Nsa0v

more practical and convincing, the transformer core type is \ : k
CN-280*150%45*40 provided by Advanced Technology & 2
Materials Company, Ltd (AT&M) [25], where the effective S
3

6 \

cross-sectional area A, and flux path length [/ of the selected K& 01 b . \

transformer core can be acquired as well. HR. S K ' |
According to (15) in this paper and [15] and [22], f; of the 20071025V g of \ ' /

proposed APFM should be two times of that of the traditional 4004 - Ao , — le(") I:Iz

PFM with constant on-time to get the same V,,. Hence, two W Vool %:61(1_[2

different f; of 6 kHz and 10 kHz (respective responding to —60095 0 951 937 93 3

3 kHz and 5 kHz under traditional PFM), with respective V,, ’ - ¢(ms) ’ ’

of 35 kV and 58.3 kV representing cases of n > 2V,/V, FIGURE 9. Simulation waveforms of v.

and n < 2V,/Vj,, will be simulated for validation and

comparison.

and/or secondary sides and B; has no variation during the
400 i zero current stages under both f; (cf. Fig. 11), avoiding the
: : unexpected higher B, case under the traditional PFM.

The simulation waveforms of vcg are shown in Fig. 9,
where V,, is exactly the same of V;,, (540 V) under different f;.
Moreover, Vy is —102.5 V due to the smaller V,, under 6 kHz
while Vy is 189.3 V under 10 kHz due to larger V,, and
both values are very close to the theoretical results of (10).
As can be concluded, the resonant capacitor voltage has a
good agreement with theoretical analysis.

— [=6kHz 200
) 952 95.3 -,_

95.0 95T f(ms

FIGURE 8. Simulation waveforms of ir. 400+ "'. S ; .“.‘. i "“ : ".‘ ........
Fig. 8 shows the simulation waveforms of i, under 6 kHz

and 10 kHz. As can be seen, peak currents are different
under different V,, and I, is higher while I, is lower under

larger V,,, which has a good agreement with the theoretical -4004 - - i
analysis. To compare the exact theoretical and simulation i : i : = I'OkHz
values, without loss of generality, the case of 10 kHz will be y : y — f=6kHz
discussed in this section. Fr.om'Flg. 8., Ipr and Ipl.; of 10 kHz ‘80095_0 951 £(ms) 952 953
are about 315 A and 152 A in simulation, respectively. When

substituting V,, = 58.3 kV and the relative resonant parame- FIGURE 10. Simulation waveforms of vp.

ters into (12), the theoretical I,r and I, can be obtained as

315.7 A and 151.9 A, respectively. As a result, the simula- Since i, keeps unchanged with the value of zero during the
tion current values are very close to the theoretical results, zero current stages, there is no voltage variation on v, as well,
showing a good consistency between them. Furthermore, 1,7 as shown in Fig. 10. As can be seen, v, keeps unchanged with
of 315 A is reduced by 59.8% from 783 A under traditional the value of zero during the zero current stages regardless of
PFM, which can be obtained according to (1). Based on the increase of f; and V,,. Furthermore, B; keeps unchanged
(1) and (12), the peak current comparison can be obtained as with the value of zero during the zero current stages as shown

in Table 2. Obviously, the peak current of proposed APFM is in Fig. 11 under different f;. By, is 0.458 T under 10 kHz
much smaller, where IGBTs with lower current stress can be with higher V,, which is close to the theoretical value of
utilized. At last, there is no current flowing in the primary 0.459 T according to (13). Consequently, the unexpected
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FIGURE 11. Simulation waveforms of B;.
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FIGURE 12. Comparison of B;; between the proposed APFM and
traditional PFM with constant on-time.

higher By, case under traditional PFM is avoided even when
n < 2Vy/Vin.

The B,, variation curves under different V, of the proposed
APFM and traditional PFM with constant on-time are demon-
strated in Fig. 12. As can be seen, By, is exact the same under
two different controls when n > 2V, /V;,. Additionally, it is
easy to find that with the increase of V,, 2V, /V;, will be
higher than n. By, of the traditional PFM will increase rapidly
while B,, of the proposed APFM still increases linearly with
the increase of V, and is much smaller. Hence, with the
proposed APFM, n can be designed only basedonn > V,/Vi,
to avoid the unexpected increase of B,,.

As can be concluded, all the simulation results well val-
idate the theoretical analysis. By employing the proposed
APFM with constant on-time, all switches have at least 50%
smaller peak current and the DCM-SRC can get different V,
under different f;. B, of the proposed control is proportional
to V, no matter 2V, /V;, is smaller than n or not, leading to a
much smaller B,, when compared to the traditional PFM with
constant on-time.

V. EXPERIMENTAL RESULTS

An experimental platform of high-voltage high-power SRC
was built for test, as shown in Fig. 13(a), where the four
switches are IGBTs of FZ900R12KE4 (1200V/900A) from
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O Resonant capacitors "
[ Primary switches and
input capacitors

Rectifiers board

V\A,
<
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FIGURE 13. Experimental platform. (a) The whole SRC system.
(b) Transformer with diode rectifiers (Transformer size: 480*200*420mm).

Infineon and Cj is composed of six capacitors (each one is
1 wF). The drivers for O, and Q4 are slightly complex, but
there are at least two ways to realize it easily. The first way is
to adopt a CD4071B chip, which is a quad 2-input OR gate
chip. As shown in Fig. 14, the original drivers of D1 ~ Dy
can be easily obtained from DSP28335 with the phase-shift
function. Then Dy ~ Dj are sent to the CD4071B chip, where
D1 and D4 are inputs of one OR gate while D> and D3 are
inputs of another OR gate. As a result, the drivers for O, and
Q4 can be obtained. The second way is to adopt FPGA. One
can write the bottom code to get any kinds of drivers from
GPIOs (General-purpose input/output) of FPGA, and then the
signals from these GPIOs are sent to the driver board. It is
very convenient and has very high degree of freedom since
even more complex drivers can be obtained easily. Moreover,
the FPGA can sample the needed voltage and current signals,
which are sent to DSP through a DMA. And the DSP will be
in charge of the rest functions, for example the closed-loop-
control, start-up, and protections. Hence, the second way is
adopted to control the SRC in this paper.
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FIGURE 14. Adopting a CD4071B chip to get the drivers for Q, and Q.

TABLE 3. Experimental results of electric field load.

1 Measured V, Measured 1,

Equivalent R,

Measured V, Theoretical V,

(KHz) V) (mA) kQ) (k) (k) 2V Vit
Fig. 16(a) 4.50 528 353 83.85 29.60 29.78 -47.88
Fig. 16(b) 5.80 524 455 78.68 35.80 35.96 -23.36
Fig. 16(c) 8.20 523 632 72.58 45.00 45.79 12.08

_B|_
X

£4%
FIGURE 15. Multi-winding structure for high-voltage high-power
transformer.

The isolation and heat dissipation are two key issues of the
high-voltage high-power transformer. To lower down the dif-
ficulty, the multi-section and multi-layer structure of the sec-
ondary winding discussed in [23] can be adopted, with which
the parasitic capacitance can be reduced as well. Furthermore,
the multi-winding structure is employed to make the recti-
fiers more easily to produce, as shown in Fig. 15. There are
20 secondary windings and 20 full-bridge rectifiers with
lower voltage rating rectifier diodes. As a result, the high-
voltage high-power transformer is shown in Fig. 13(b). The
primary and secondary winding turns are 12 and 1920,
respectively, leading to n = 160. The leakage inductance
of the manufactured transformer, functioning as the resonant
inductor, is about 8 wH. The resonant capacitor is 6 nF, and
the resonant period T is about 43.5 ps. The needed power is
supplied by the rectified 380 V three-phase utility grid.

Since the ESP is one typical high-voltage high-power
application scenario and the load of which is electric field,
an electric field load is adopted for the first experiment.
The average Vi,, V,, and output current [, are measured
in Table 3, and the equivalent R, is obtained by calculating
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Vo /1, with the measured average values. Then the theoretical
V, can be calculated based on (15) and are very close to the
measured V,, implying the data are reliable. As presented in
Table 3, the equivalent R, is not a constant value since the
time-varying nature of electric field (cf. Fig. 2(b) in [1] and
Fig. 7 in [26]). As shown in Fig. 16, some reasonable dead
time is added between two adjacent forward and backward
resonances. Without loss of generality, one can easily tell
all the ZCS transitions presented in Fig. 16(a). As can be
seen, there are ten ZCS time instants in one switching period,
in which the two dashed green lines stand for the instants
of current flowing through the anti-paralleled diodes with
ZNVZCS realized. Additionally, the peak current of the first
experiment is about 300 A, while it can be as high as 700 A
with similar V,, under the traditional PFM with constant on-
time according to (1). As can be calculated, it is reduced
by 57%. The experimental V,, equal to V;, and are almost
the same under different f, indicating |Vy| < Vi, = Vi
Hence, the experimental results of both resonant current and
resonant capacitor voltage have a good agreement with the
theoretical analysis. During the zero current stages, v, has
high-frequency oscillations caused by the parasitic capacitors
of IGBTs on the primary side. Even though, the average value
of v, during each zero current stage can be thought as zero
no matter n < 2V, /Vj, or not, indicating B; is zero during
each zero current stage with B, not affected. As a result, the
high-frequency oscillations have no impact on B,,, which is
proportional to V,, and the unexpected higher B,, case under
traditional PFM with constant on-time is avoided. In addition,
the output voltage can be as high as 45 kV with the equivalent
R, of 72.58 k2 according to Table 3, leading to the power is
about 28 kW. And the SRC system efficiency is about 94%.
To further validate the lower B, of the proposed APFM
with constant on-time, the second experiment is conducted
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FIGURE 16. Experimental waveforms with electric field load under proposed APFM. (a) fs = 4.5 kHz. (b) fs = 5.8 kHz. (c) fs = 8.2 kHz.
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FIGURE 17. Experimental waveforms with a resistive load of about 300 k2 under proposed APFM. (a) fs = 0.97 kHz and V, = 25.8 kV.

(b) fs = 1.6 kHz and V,, = 38.2 kV. (c) fs = 2.33 kHz and V, = 50 kV.
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FIGURE 18. Experimental waveforms with a resistive load of about
300 k2 under traditional PFM.

with a constant resistor load of about 300 k2. As shown
in Fig. 17, all IGBTs can easily realize ZCS under dif-
ferent f; and V,. Referring to the dashed red circles
in Fig. 17(a) and (c), Vy increases from negative value to
positive value with the increase of V,,. From Fig. 17(c), even
V, is up to 50 kV, the waveforms of i, and v¢, are normal,
indicating the transformer core is unsaturated. While under
the traditional PFM with constant on-time, all the current and
voltage waveforms are abnormal and the transformer core is
saturated when V,, is only 45.75 kV, as shown in Fig. 18.
Hence, the proposed control can get lower B,, to keep away
from the core saturation problem. It can be found that except
for the high-frequency oscillations at the start of each zero
current stage, there are relative low-frequency oscillations
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during each zero current stage in v, as shown in Fig. 17. The
low-frequency oscillations are caused by the resonance of
magnetizing inductor on the secondary side, winding capac-
itor, and small parasitic capacitors of rectifier diodes. The
equivalent magnetizing inductor on the secondary side can be
as large as 200 H due to n = 160, leading to its relatively low
oscillation frequency. And the impact of such low-frequency
oscillations on B,, will be discussed in detail in the future
paper.

In summary, the theoretical analysis and simulation results
are well testified by the experimental results. ZCS can be
achieved for all IGBTSs and no matter the result of 2V, /V;,, —n
is positive or negative, there is [Vy| < Vi, and B; is zero
during each zero current stage. The most important is that
the proposed APFM has smaller peak current for IGBTs and
lower B,, for transformer core.

VI. CONCLUSION

The high-voltage high-power DCM-SRC can be employed as
power supply for equipment such as ESP and X-ray power
generator. The proposed APFM with constant on-time can
meet the requirement of a wide output voltage range for such
applications, where the output voltage increases linearly with
the increase of operating frequency and fully ZCS can be
realized for all switches among the whole operation range.
By employing the proposed APFM, the resonant capacitor
voltage is never larger than the input voltage and there is no
variation in MFD during the zero current stages no matter
what the transformer turns ratio is. Thanks to that, the MMFD
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of DCM-SRC is proportional to the output voltage or oper-
ating frequency, owning smaller MMFD than the traditional
PFM with constant on-time and the high-power transformer
can be designed at the highest operating frequency. Moreover,
all switches have at least 50% smaller peak current and IGBTSs
with lower current stress can be adopted. All of the conclu-
sions are well validated by the simulation and experimental
results.
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