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Analytical Model of Maximum Operating Frequency of
Class-D ZVS Inverter with Linearized Parasitic Capacitance

and any Duty Ratio

Yi XIONG ¥, Senanayake THILAK', Nonmembers, Yu YONEZAWA ', Jun IMAOKAT,

SUMMARY  This paper proposes an analytical model of maximum op-
erating frequency of class-D zero-voltage-switching (ZVS) inverter. The
model includes linearized drain-source parasitic capacitance and any duty
ratio. The nonlinear drain-source parasitic capacitance is equally linearized
through a charge-related equation. The model expresses the relationship
among frequency, shunt capacitance, duty ratio, load impedance, output
current phase, and DC input voltage under the ZVS condition. The ana-
lytical result shows that the maximum operating frequency under the ZVS
condition can be obtained when the duty ratio, the output current phase, and
the DC input voltage are set to optimal values. A 650 V/30 A SiC-MOSFET
is utilized for both simulated and experimental verification, resulting in good
consistency.

key words: class-D ZVS inverter, maximum operating frequency, nonlinear
drain-source parasitic capacitance, any duty ratio

1. Introduction

The class-D inverter [1]-[16] is a classical circuit to convert
DC power to AC power. The main advantage of the class-D
inverter is the low switch voltage stress. Hence, it is widely
applied as DC-DC resonant converters [17]-[19], induction
heating [4], wireless power transmission [20]-[26], induc-
tion lamp [27], and radio transmitter [28]. With the help of
wide band-gap power device, the class-D inverter can operate
in high-frequency of megahertz (MHz) [24]-[26]. Although
the high-frequency operation can realize high-power density,
therewith increased switching loss and noise becomes a prob-
lem. By adopting zero-voltage-switching (ZVS) [29]-[41]
technology, the problem of high switching loss and noise
can be improved. And if the frequency limitation under the
ZVS condition could be found, it is possible for the class-D
inverter to operate at the maximum frequency under the ZVS
condition, achieving the highest power density with relative
low switching loss and noise. In addition, the frequency de-
sign of the class-D ZVS inverter could be more convenient if
the frequency limitation is known. Totally, it is meaningful
to analyze the maximum operating frequency of the class-D
ZVS inverter.

As there are a lot of parameters related to the ZVS condi-
tion, it is necessary to combine all these parameters to build
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an analytical model to analyze the optimal parameters for
achieving the maximum operating frequency under the ZVS
condition. According to [37], the shunt capacitance is a key
parameter to determine the frequency under the ZVS condi-
tion. Normally, the shunt capacitance is formed by the sum of
both the linear external capacitor and the nonlinear parasitic
capacitance. In low-frequency analysis, the required linear
external capacitor is much larger than the nonlinear parasitic
capacitance, so the nonlinear parasitic capacitance can be ne-
glected. But in high-frequency analysis, the external linear
capacitor becomes much smaller, and the nonlinear parasitic
capacitance takes up a certain proportion of the total shunt
capacitance. Therefore, the nonlinear parasitic capacitance
cannot be neglected in the high-frequency analysis. Other-
wise, the analyzed parameters may not accurately satisfy the
ZVS condition when operating at high operating frequency.
According to [38], the duty ratio is another key param-
eter to determine the operating frequency under the ZVS
condition. If the analysis model is built with a fixed duty
ratio, the obtained maximum operating frequency by the
model is only applicable to the assumed duty. Therefore, it
is necessary to build the model with any duty ratio so that
the obtained maximum operating frequency is applicable to
all the duty ratios. Furthermore, as the duty is also related to
the output voltage [39], it is possible to reconcile the power
analysis under ZVS condition with the proposed model.
There are some previous researches about the analyti-
cal model of maximum operating frequency of class-D ZVS
inverter. In [36], the model was mathematically built within
the assumption of duty D = (.25, and the neglect of the non-
linear parasitic capacitance. Thus, the frequency under the
ZVS condition cannot be analyzed by other duty ratios, and
the designed parameter of shunt capacitance may not satisfy
the ZVS condition accurately especially when operating at a
high frequency. In [37], the model was built within the non-
linear parasitic capacitance and assumption of D = 0.25.
Thus, the shunt capacitance can be designed accurately to
satisfy the ZVS condition, but the frequency still cannot be
analyzed for other duty ratios. In [38], the model was built
within the any duty ratio and neglect of nonlinear parasitic
capacitance. Thus, it remained the same problem as [36].
In [40], both the nonlinear parasitic capacitance and the any
duty ratio were considered to build the model based on [38].
However, when the two varieties were included in the cir-
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cuit formulas simultaneously, the derivation for the model
becomes too complicated to conduct. Therefore, there was
no analytical model built in [40]. Furthermore, for all the
models above, there was no simulated and experimental ver-
ification for the frequency analysis. Totally, as there is still
no analytical model built within both the nonlinear parasitic
capacitance and any duty ratio, it is not reliable and conve-
nient for circuit designers to design the shunt capacitance
accurately and the duty ratio freely under the ZVS condition
especially in high frequency operation.

Based on the researched models, this paper proposes a
new analytical model built with both the nonlinear parasitic
capacitance and any duty ratio within simulated and experi-
mental verification. Asitis difficultto derive the model when
both the nonlinear parasitic capacitance and any duty ratio
are directly contained in the equations, the parasitic capaci-
tance is first linearized through the charge-related equation,
resulting in a monotone decreasing function of the DC input
voltage. With the same derivation method in [38], all the pa-
rameters related to the ZVS condition are combined into two
frequency-related equations according to ZVS condition and
the fundamental frequency component approximation. The
frequency analysis model under the ZVS condition is solved
by combining the equations. The analytical result shows that
when the load impedance and DC input voltage are fixed, the
maximum operating frequency under the ZVS condition can
always be obtained at 0° output current phase and 0.25 duty
ratio. Upon the condition of fixed load impedance, 0° out-
put current phase and 0.25 duty ratio. Furthermore, if the
DC input voltage is undetermined, it is analyzed that higher
maximum operating frequency can be obtained with higher
DC input voltage under the ZVS condition, and it is lim-
ited by the highest DC input voltage. As for verification, a
650 V/30 A SiC-MOSFET is utilized to frame the class-D
ZVS inverter circuit. The nonlinear parasitic capacitance of
the SiC-MOSFET is accurately modeled and linearized for
verification. The ZVS operation is verified by simulation
within comparing to the conventional model and is further
verified by experiment with little error. The maximum fre-
quency is verified with various DC input voltage of 400V,
300V, 200 V by simulation and with that of 300V, 200 V by
experiment. The results show that in condition of 0° output
current phase and 0.25 duty ratio, the maximum operating
frequency for 300 V DC input can be obtained higher than
that of 200 V. And the highest maximum operating frequency
is obtained by the highest DC input voltage of 400 V. Both
results show good consistency with analysis.

2. Class-D ZVS Inverter
2.1 Circuit

A typical circuit of the class-D ZVS series-resonant inverter
is shown in Fig. 1. The inverter is composed of a DC volt-
age source Vj, two identical switching MOSFETs M; and
M; which are connected in half-bridge, a series-resonant
tank L,—C,, and a load resistance R. Each switch contains
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Fig.1  Typical class-D inverter topology.

a nonlinear parasitic capacitance C4, and a parasitic body-
diode, and there is an extra linear capacitor connected in
parallel with the drain-source. For ZVS operation, the shunt
capacitance and inductive load are necessary. The shunt ca-
pacitance is formed by the nonlinear parasitic capacitance
and the extra linear capacitor. And the extra inductor L,
makes the load impedance inductive.

2.2 ZVS Operation

Figure 2 shows the nominal waveforms of the class-D ZVS
inverter. The w = 27 f expresses the angular frequency and
6 = wt expresses the angular time. The switch is assumed
to be ideal. The switches are driven by a set of pluses vg;
and vgr» with duty ratio D at frequency f respectively. The
output current’s phase angle lags behind that of the output
voltage by ¢. During the deadtime ¢4, both switches are off,
and the output current charges one shunt capacitance and
discharge the other. When the low-side switch’s voltage v 2
is discharged to zero, the current begins to flow through the
body diode. If the turn-on voltage comes during the time
interval 7t to 7 + ¢, the ZVS can be conducted.

3. Nonlinear Parasitic Capacitance Linearization
3.1 C4 Modeling

The typical definition equation of the nonlinear parasitic
capacitance Cys can be expressed by (1), where Cjg is the
capacitance of Cy at vg; = 0V, Vy; is the built-in potential
determined by the material of the switch, and m is the grading
coefficient and it is typically to be 0.5.

Gj
m
(1)
According to [40], the expression (1) can be mathe-
matically transformed into (2), where Cpg(Vps) is a specific
value of capacitance at a specific drain-source voltage Vps.

For a specific switch, the value of Cpg(Vps) usually can be
read from the datasheet.

Vs + Vi
Cus (vas) = Cps (Vps) [ 22 @)
Ugs + Vi

Cas (vas) = e
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Fig.2  Nominal waveforms of class-D ZVS inverter.

3.2 Cy Linearization

As it is difficult to directly utilize the nonlinear parasitic
capacitance to derivation, the nonlinear Cys is proposed to
be linearly transformed through the charge-related equation.
When the Cy; is charged to V;, the charge stored in the Cgys
can be expressed as:

Vi
0u v = [ Catwadv o
—Vbi
If there is a linear capacitance Cyye, existed and satisfied
the condition that when it is charged to V7, the charge is the
same as (3), thus the charge can be expressed by

Qus (V1) = CaseqVi “4)

Combine (4) with (3) and (2), the nonlinear C;; can
be transformed into an equal linear capacitance shown by
(5). As Vy;, Cps(Vps), Vps are constants in the function, it
is obvious that the dependent variable Cgy,, is a monotone
decreasing function of the independent variable V;, which
means with the increase of V;, the Cy,,, decreases.

1 v
Cdseq V) = VI -/V Cas (vas) dvgg
—Vbi (5)

_ 2Cps(Vps)
Vi

VVbs + VeiVVi + Vi

3.3 Influence on Phase of Waveform by Linearization

In [37], the waveforms of low-side switch’s drains-source
voltage vgs» under the ZVS condition was modeled by both
nonlinear capacitance and linear capacitance. The result has
proved that the linearities or nonlinearities never affect the
phase angle of the drain-source voltage as well as that of the
output current under the ZVS condition.
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Fig.3  Equivalent circuit for analysis.

4. Circuit Modeling
4.1 Assumptions

In this section, the frequency-related parameters’ relation-
ship of the class-D ZVS inverter is given by mathematical
equations. The equivalent circuit including the linearized
parasitic capacitance for analysis is shown in Fig. 3 and it is
based on the following assumptions:
1) The shunt capacitance is formed by both the linearized
parasitic capacitance and the linear external capacitor.
2) The switch is assumed ideal in this circuit, meaning
zero-switching time, zero on-resistances, and infinite off-
resistances.
3) The gate-driving voltages are ideal symmetric square
waveforms, and their duty ratios range by 0 < D < 0.5.
4) The loaded quality factor Qp, which is defined as
wL
0L = R (6)
expresses the ratio of reactive power for resonant tank to
the true power for load [39]. Here it is assumed to be
sufficiently high so that the resonant can be ideal and the
output current can be regarded as a sinusoidal wave as

Vv,
iy = ?m sin(wt — @) = I, sin(wt - @) ™

where V,,, and I,,, are the amplitudes and the ¢ is the phase
difference compared to the output voltage.

5) Only the fundamental frequency component remains from
the resonant filter. It is well known that the resonant
filter should be inductive for achieving the ZVS condition.
Therefore, the resonant inductance L is divided into L,
and L, virtually, namely

L=L,+L, 8)

The resonant filter Lr—C, is an ideal filter at the operating
frequency f, that is, f = 1/2x+vL,C,. Additionally, L,
yields a phase shift of the output current.

6) All the components have no parasitic components, and
both high-side and low-side are identical.
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7) The switches’ voltages satisfy the ZVS condition that

vas1(2r) =0 and va(27) =V; &)
vas1(m) =V and  vgp(r) =0 (10

4.2 Waveform Equation Derivation

According to assumptions 3), 4), and the waveform of output
current shown in Fig. 2, by KCL, the basic equation can be
expressed as

iMl + (iCdxeql + iCexl) - [iMZ + (iCdsqu + iCex2)] (] ])
=i, =1y Siﬂ(@ - (P)

For 0 < 6 < 2nD, switch S; is on state, and switch S,
is off state, so the switch voltages are given as
vas1 =0, vas2 =Vj 12)

As there is no current flowing through the switch S,,
and no current charged or discharged through the shunt ca-
pacitance Cy; and Cyy, thus the currents become

ipM2 = iCdseql = iCdsqu = icex1 = icex2 =0 (13)
Substituting (13) into (11), it can be obtained that
M1 =lo = I Sin(e - 90) (14)

For 27nD < 6 < &, which is the dead time interval, both
S: and S, are off. Therefore, the switches’ currents are

iMi1=im2 =0 (15)

Additionally, the voltage relationship between the two
switches is

Vas1 = Vi — Vas2 (16)
From (11) and (15), it can be obtained that
iCdseql +icexl _(iCdsqu +iCex2) =ip=1In Sin(e_‘P) (17

According to the definition of the capacitance current,
it can be obtained from (17) that

dvgs
do

dvgs
w (Cdseql + Cexl) Dds1

-—w (Cdseq2 + Cex2)
= I, sin(@ — )
(18)

By rearranging (18) by using (16), it can be obtained
that

dvgs

w (Cdseql + Cexl + Cdsqu + Cexl) W

= I, sin(0—¢)
(19)

Define the total sum of the shunt capacitance as
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Csy =Cs1 +Cyp = Cdseql + Cex1 + Cdsqu + Cex2 (20)
Hence
wWCytdvggsy = Iy, sin(0 — ¢)d6 21

Because of vy (271D) = Vj, it can be obtained by solv-
ing indefinite integral for both sides.

Uds2 [
wCy; / dvgsr = / I sin(@ — )dé (22)
Vi 22D
Yields,
I
Vas2 = Vi + [cos(8 — ¢) — cos(2nD — ¢)]
st 23)
Vin
=Vi+ [cos(6 — @) — cos(2xD — ¢)]
wCyR

Forn < 6 < n+2nD, switch S; is off state, and switch
S, is on state, so the switch voltages are given as

Vast = Vi, vas2 =0 (24
Similar with (13), the currents are

iM1 = iCdseql = iCdseq2 = iCex1 = icex2 =0 (25)
Therefore, the current relationship is expressed as

ipM2 = —ip = =1l sin(@ — ¢) (26)

For n + 2nD < 6 < 2m, which is the dead time in-
terval, both S; and S, are off. The relationship between
switches’ currents and voltages are the same as (15)—(19).
As vgs2(m + 2nD) = 0, it can be obtained by following the
similar procedure of the time interval 27D < 6 < x that

Vds?2 [
wCS,/ dvg = —Im/
0 n+2nD

sin(@ — 9)do  (27)

Yields,
I
Vds2 = [cos(8 — @) + cos(2nD — ¢)]
st (28)
= wC':tR[cos(Q — @) +cos(2nD — ¢)]

4.3 ZVS Condition
According to (10), substituting the ZVS condition v () =
0 to (23), we have

(I.)C_gtR
Vin = 1
2cos(nD — p)cos D

(29)

(29) expresses the relationship between the output volt-
age amplitude and DC input voltage, under the ZVS con-
dition. For 27D < 6 < m, vqs» decreases from V; by the
discharging of Cs», therefore, the derivative of v4s» should
be minus or zero [38]. When the derivative is just equal to
zero at 8 = m, not only ZVS condition but also the class-DE
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zero-derivative-switching (ZDS) condition is satisfied. The
derivative can be expressed as

_ dvgs2(0) _ Vin
o = 527

d6  |,., wCuR

sin ¢ (30)

Substituting (29) into (30), we have

sin ¢ 31)

=- Vi
2cos(nD — p)cos D !

As discussed above, the derivative should be

a<0 (32)

5. Fourier Analysis

The Fourier expansion is utilized to derive another equation
base on (29), so that the two equations can be combined
to provide a further equation for frequency analysis. Be-
sides, the relationship between the phase shift inductance L,
and other parameters can also be figured out, providing the
precondition for designing the L, for ZVS condition.

The output voltage across the load resistance R and the
phase shift inductance L, can be expressed as

Vo = Ri, = RI,;, sin(6 — ¢) = V,,, sin(8 — ¢) (33)
di,
Uiy = WLy 10 wLy 1, cos(6 — @) = Vi cos(f — @)

(34)

From assumption 5), the voltage across the phase shift
inductor L, and the load resistance R just constitute the
fundamental-frequency component of the low-side switch
voltage vgs2(0) for 0 < 6 < 2m, where the voltage across
Ly is the cosine function part and the voltage across R is
the sine function part. According to the principle of the
Fourier series expansion, the sine function amplitude V,,
and the cosine function amplitude V. can be calculated by
integrating the product of v, (6) and sin(6 — ¢) or cos(6 — ¢)
in the time interval 0 < 6 < 2x. Therefore, from (23), (28),
it can be obtained that

1 2r
Vin = Rl = — / vas2(6) sin(6 — ¢)df
0
1 2D
=— {/ Vi sin(0 — ¢)df
0

4 Vin .
+ /2 {V, + R [cos(8 — ¢) — cos(2nD — <p)]} sin (6 — ¢) d

D Wy

2
+ / Von [cos(8 — ¢) + cos(2nD — )] sin(6 — <p)d0}
n+2nD wCstR
(35)

1 2r
Vix = wlil, = —/ v52(6) cos(6 — ¢)do
T Jo

1 2nD
=— {/ Vi cos(0 — ¢)do
0

T

s
+ / {VI + Vi [cos(8 — @) = cos(2nD — ¢)]} cos(d — ¢)d6
22D wCyR
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2
+ /7r+an (wg’:,R [cos(6 — ¢) + cos(2xD — go)]) cos(f — w)d@)} Vi
(36)

The solution of V,,, and V.

1 1
Vin =2Vicos g {n + [— cos2¢p + 3 cos(4nD - 2¢)

't

V 1
Vix = wLily, = el {2 sin ¢ + [n -2nD - 3 sin(4nD - 2¢p)
g

wCyR

+ cos(2nD — 2¢) + cos2nD + 1

(37

+sin(27D - 2¢) - sin 2xD][2 cos 7D cos(xD — ¢)] ™'}
(38)
Combine (37) with (29), a new equation within the
angle frequency, total sum of shunt capacitance, duty, phase
angle and the load impedance can be obtained that
sin(2xD — 2¢) sin 2xD
big

wCyR = (39)

It can be inferred that wCy;R can be a function of ¢
when D is fixed. For the range of ¢, according to « in
(30), and wC,;R in (39), the with the condition @ < 0, and
wCg > 0, the range of ¢ can be limited to

0<¢p<nD (40)

6. Maximum Operating Frequency Analysis

Figure 4 shows the plotted the graph of the function wCs; R
when ¢ is the variable and D is the stepped constant. The
value of wCs; R can be obtained with varies conditions of ¢
and D. When ¢ = 0° and D = 0.25, the wCg; R reaches its
maximum value of 0.318 (which is circled by red). Addi-
tionally, when ¢ = 0°, the wCg,R increases from D = 0.05
to 0.25 and decreases from D = (.25 to 0.45. This is an
important characteristic for frequency design with various
duty ratios. For w = 2xf, the maximum value of wCs;R
obtained at ¢ = 0° and D = 0.25 can be expressed by (41).

0CaR

0 ’
127 34 ks
-¢

Fig.4 «wCs;R as a function of ¢ and D.
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(27 fCsiR) oy = 0.318 A1)

There are two steps for analysis of (41). From (5),
when the DC input voltage V; is determined, the linearized
parasitic capacitance Cyeq is determined. As the external
capacitance C,, is initially constant, the sum of shunt capac-
itance Cy can be determined. For R is usually 50 Q in high
frequency system, it can also be regarded constant. Thus,
(41) can be rewritten to (42), meaning that with any de-
termined V; and Cy, the condition to obtain the maximum
operating frequency f.. at any ¢ and D is that ¢ = 0° and
D =0.25.

0.318
fmax = Ao~ (42)

27 RCy;

Furthermore, when the DC input voltage V; is unde-
termined, the Cgyy,, becomes a variate, so do the Cy. Thus,
(42) can be furtherly rewritten to (43). It means that upon
the condition of ¢ = 0° and D = 0.25, for undetermined V;
and Cy, the maximum frequency f,,,, Will increase with the
decrease of Cy, and it will reach its highest value as f,,
when the Cy;, reaches its minimum as Cypin.

, 0318
fmax = 5o~ (43)

27 RCyt-min
To obtain the Cj.y, both the external capacitor and
linearized parasitic capacitance should be minimum. As the
external capacitors Cey1, Cer2 can be removed from the cir-
cuit, they can be zero. Therefore, solving the Cs.,,;, becomes
a case of solving the minimum value of the sum of Cgyeq1
and Cygeq2, which is

Cst-min = Cdseql—min + Cexl-min + Cdsqu—min + Cex2-min
= 2Cdxeq—min
(44)
According to the monotone decreasing property of (5),

the minimum of linearized parasitic Cgseg-min can be obtained
when V; is determined to its maximum value, thus

Cst—min = 2Cdseq—min = 2Cdseq (VI—max)

4C, V
= %VVDS + Vi VVi—max + Vii 45)
—max

Substitute (45) into (43), the relationship between the
maximum frequency f, . and the maximum DC input volt-

age Vinmax can be expressed as (46), where Vps, Cps(Vps),
Vpi and R are constant.

0.318V/_max
87Cps (Vps) RNVps + Vi VVi—max + Vbi

fn’lax =
(46)

(46) indicates that under the condition of ¢ = 0° and
D = 0.25, the operating frequency f;,,x under the ZVS con-
dition is a monotone increasing function of the DC input
voltage V7, and the highest maximum operating frequency
frray under the ZVS condition can be obtained at the highest
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DC input voltage Vimax. Totally, the optimal condition for
the class-D inverter achieving its maximum operating fre-
quency under the ZVS condition is ¢ = 0°, D = 0.25 and
the highest DC input voltage.

7. Design Equation

From the expressions analyzed above, the design equations
of the resonant components such as resonant capacitor C,,
resonant inductor L., phase shift inductor L, for the high-
frequency class-D inverter under the ZVS condition can be
obtained as below:

From (38), L, can be solved as

1
Ly = ———[n~27D + 4singcos nD cos(nD — ¢)
mwCy;

1 1
) sin ¢ + 3 sin(4nD — 2¢) + sin(2xD — 2¢) — sin2nD

47

Therefore, from (6) and (8), we have

R
L=1-1,=2% | 48)
w
Therefore, C, can be solved as
Cr= ot (49)
" Qrf)’L,

8. Verification
8.1 Cg4s Modeling of a 650 V/30 A SiC-MOSFET

According to the datasheet of the 650 V/30 A SiC-MOSFET
[41], the value of Cps(Vps) at Vps =500 V can be calculated
to ZOpF, for CD5(500V) = Coss(SOO V) - CRss(SOO V).
The built-in potential Vy,; can be calculated according to
the definition formulas and parameters in [42] and the value
for SiC-MOSFET at room temperature is calculated as Vy,;
=2.996 V. As shown in Fig. 5, The model of the Cy5 with the
two initially valued parameters is plotted and compared with
the reference points extracted from the datasheet. As there
is a large gap, the two parameters are fitted step by step and
finally optimized as Cps(500V) = 32pF, Vy; = 2V. Thus,
the final model of Cy; of the 650 V/30 A SiC-MOSFET.

502
Cas (vas) =32x 10712 x | ——— (50)
Ugs + 2

And the model of linearized capacitance is

64 x 1072
Casequrny (Vi) = TVSONVI +2 (51)

Figure 6 illustrates the function of Cyseq(ar) given by
(51). The function is monotone decreasing which proves the
analysis in (5). Note that Fig. 6 is not the physical character-
istics of the Cggeq(ar), it is just a calculated result.
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Fig.5  Graph plotting of C4; model with fitted Cps(Vps) and Vy,.
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Table1 Maximum operating frequency of each DC input voltage.
Input voltage Maximum frequency
400V 7.041MHz
350V 6.584MHz
300V 6.094MHz
250V 5.558MHz
200V 4.967MHz
150V 4.294MHz
100V 3.495MHz
50V 2.447MHz

Typically, the maximum input voltage of a switch is
about 60% of its break-down voltage due to the high volt-
age surge occurred in the high-frequency system. For the
650 V/30 A SiC-MOSFET, 400V can be considered as a
proper maximum input voltage. Thus, according to (51),
assuming R is fixed at 50Q, the maximum operating fre-
quency of the class-D ZVS inverter with the 650 V/30 A
SiC-MOSFET can be calculated as (52). For other DC in-
put voltages, the corresponding maximum frequency of each
voltage under ZVS condition can be calculated respectively
shown as Table 1. It is seen that higher input DC voltage can
obtain higher maximum operating frequency under the ZVS
condition.

Jax(v) = 7.041 MHz (52)
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8.2 ZVS Operation Verification

In Fig.4, the relationship among wCyR, ¢ and D under
the ZVS condition is plotted by graph. As the parasitic
parameters like ESL and ESR may produce large error in
experiment in megahertz frequency, here we just pick up the
operation point in kilohertz frequency at ¢ = 0°, D = 0.45,
which is circled by blue in Fig. 4 to verify the ZVS operation
within small error. The value of wCyR at the ¢ = 0°,
D = 0.45 can be read from the tool which is wCsR = 0.0304.
According to (51), when V; = 200V, the equal linearized
capacitance of the 650 V/30 A MOSFET can be calculated
as

Ciseqmnzoov = 101.901 pF (53)

According to (44), to obtain the maximum operating
frequency at the point of ¢ = 0°, D = 0.45, we just use the
switch’s parasitic capacitance to form the shunt capacitance
by minimum. Thus, the total shunt capacitance is just the
sum of the linearized parasitic capacitance of both high-side
and low-side, which is

Cstmin = 2Ciseq(mypo0v = 203.802 pF (54)

As ¢ = 0°, D = 045, wCxqR = 0.0304, w = 2n1f,
assuming R = 50Q, the frequency under minimum shunt
capacitance Cgyyi, can be calculated as

0.0304
= —— " ~474.804 kH (55)
! 27 CypminR
Substituting the determined values of w = 2n f, Cy, ¢,
D to (47), the phase shift inductance can be calculated as

Ly =~ 3.554uH (56)

From assumption 4), it is supposed that the loaded qual-
ity factor Qr should be set sufficiently high. In [39], Qy is
supposed to larger than 2.5. In [38], Qr is set to 3. Here
we set it enough high by 5. Thereupon, with the determined
frequency f, the total inductance can be calculated as

_OLR

L = =—— ~83.766 uH 7
onf 83.766 u (57)

Thus, the resonant inductance can be calculated as
L. =L-L,=80211uH (58)
And capacitor can be calculated as

1

= —(27rf)2Lr ~ 1.400 nF (59)

r

On the other hand, to demonstrate the influence on
ZVS operation when the nonlinear parasitic capacitance is
neglected. Here, the corresponding parameters are designed
again through the conventional model in [38] with the same
condition of ¢ = 0°, D = 045, wCyR = 0.0304, f =
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Table 2 Parameters of conventional and proposed model.
Parameter Symbol Conventional Proposed
Duty D 0.45 0.45
Input voltage Vi 200V 200V
Switching frequency f 474.8KHz 474.8KHz
External capacitor Cex 101.901pF OpF
Parasitic capacitance Cus (Neglected) (I{?Iie?iglzgg)
Loaded quality factor QL 5 5
Total inductor L 83.766uH 83.766uH
Resonant capacitor C, 1.400nF 1.400nF
Load resistance R 50Q 50Q
<.‘ -/ '!"'51 Vostt b ot
ﬁ |F§':!]ﬂsﬂnl It +ﬂ:!l}
i 6 |5
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Fig.7  Simulation schematic.

474.804 KHz, R = 50Q as above. Thus, the required total
sum of capacitance can be calculated as

0.0304

——— ~203.802pF 60
27 /R P (60)

Cst(con) =

As the nonlinear parasitic capacitance are neglected in
[38], they become zero. Thus, the shunt capacitance is all
composed by the external capacitor. Therefore,

Cext(con) = Cst(cun) = 203802PF (61)
Thus, the required external capacitor of each side is

1
Cex(cun) = ECext(cun) = 101901PF (62)

The design of other parameters in [38] are same with
the proposed model, and the calculated results are listed
by Table 2. As the parasitic capacitance is considered in
the proposed model, it forms required the shunt capacitance
with linearized capacitance so that the external capacitor is
not needed. On the other hand, the parasitic capacitance
in the conventional model is neglected so that the required
shunt capacitance needs to be formed all by the external
capacitor.

The verification is conducted by spice simulation. The
simulation schematic within the 650 V/30 A SiC-MOSFET
spice model is shown by Fig. 7. Both switches are driven by
a gate-driving voltage of 16 V. The ESR and ESL of wire are
not set in the circuit to match the ideal condition assumed
for the analytical model.

Figure 8 shows the waveforms of low-side gate driv-
ing voltage v,s2, low-side drain-source voltage vyy2, output
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Fig.8 Simulated waveforms.
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Fig.9 PCB prototype for experimental verification.

current i, and output voltage v,, are simulated by both con-
ventional and proposed model. The result of proposed model
shows that the turn-on edge of v, comes just directly after
the vg45o (proposed) decreases to zero, meaning that the ZVS
operation is successfully conducted. However, as for the
result of conventional model, the v, (conventional) is still
far from zero when the turn-on edge has come, meaning that
the ZVS operation failed. Due to the neglect of the parasitic
capacitance, the designed parameter of external capacitor
by conventional model does not satisfy the ZVS condition
accurately.

For experimental verification, Fig.9 shows the proto-
type of the class-D ZVS inverter is made for the experimental
verification. The switch of the 650 V/30 A SiC-MOSFET is
utilized to the board. The resonant inductor is hand-made
by a toroidal core with enameled copper wire. The resonant
capacitors are used by the high-voltage multilayer ceramic
capacitors (MLCC). The parameters of the components are
precisely adjusted to match the simulation conditions. The
load is used by a standard 50 Q dummy load. The signal
is generated by a 200 MHz low-noise function generator.
The duty is adjustable via an RC integral circuit. The gate
drivers are fed by the isolated DC-DC converters and provide
a 16.2'V gate-driving voltage. Both SiC-MOSFETs are at-
tached with the heatsinks and there are no external capacitors
are paralleled with the drain-source.

Table 3 listed both simulated and experimental param-
eters. And Fig. 10 shows the experimental waveform in suc-
cess of ZVS operation as well as simulation. Affected by the
inevitable differences in the real components and the ESL,
ESR in the PCB circuit, the measured condition to achieve
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Table 3  Conditions for ZVS operation verification.
Parameter Simulated Measured
Duty 0.45 0.44
Gate voltage 16V 16.2V
Load resistance 50Q 49.96Q
RysontESR 0.10+0Q  0.3Q+2.6Q
Input voltage 200V 200V
Switching frequency 474.8KHz  474.8KHz
Total inductor 83.766uH  88.919uH
Resonant capacitor 1.400nF 1.397nF

Fig.10  Measured waveforms.

the ZVS operation deviated with a little error from simula-
tion.

8.3 Frequency Verification

This section is to verify three analytical results inferred from
the Sect. 6. First, to verify that at any fixed DC input voltage
Vi, which results in a fixed Cy, the maximum operating
frequency under the ZVS condition can always be obtained
at ¢ = 0°, D = 0.25. Second, to verify that at ¢ = 0°,
D = 0.25, higher DC input voltage Vi, which results in a
lower Cy, can obtain a higher maximum operating frequency
f under the ZVS condition. Third, to verify that at ¢ = 0°,
D = 0.25, if the DC input voltage and the corresponding
maximum operating frequency are not matched with each
other, the operation cannot satisfy the ZVS condition.

Table 4 shows the three conditions of simulation and
experiment for verification 1&2. Each DC input voltage is
set with its corresponding maximum operating frequency.
The duty is set from 0.1 to 0.4. In simulation, the junction
temperature of the switch is set to a proper temperature.
While in the experiment, the data is measured when the case
temperature reaches the same. Concerning the danger of
overheating and breakdown of the switch, only 200V and
300V input DC voltage are tested in the experiment this
time.

The results of verification 1&2 are shown by Fig. 11.
As for the simulation result, for each input DC voltage,
when operating at its corresponding maximum operating fre-
quency, the highest efficiency is always obtained at ¢ = 0°,
duty=0.25, which are 78.0% for 200 V at 4.967 MHz, 77.4%
for 300V at 6.094 MHz, 75.8% for 400 V at 7.041 MHz, re-
spectively. As the ZVS is the optimal operation mode for
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Table4  Conditions for verification 1&2.
Parameter Simulated Measured
Duty 0.1~0.4 0.1~0.4
Gate voltage 16V 16.2V
Load resistance 50Q 40.96Q
Condition A
Input voltage 200V 200V
Switching frequency 4.967MHz 4.967 MHz
Total inductor 8.011uH 8.010uH
Resonant capacitor 128.164pF 129.068pF
Temperature on test 50°C(junction) 50°C(case)
Condition B
Input voltage 300V 300V
Switching frequency 6.094MHz 6.094MHz
Total inductor 6.529uH 6.508uH
Resonant capacitor 104.694pF 104.796pF
Temperature on test 75°C(junction) 75°C(case)
Condition C
Input voltage 400V
Switching frequency 7.041MHz
Total inductor 5.654uH
Resonant capacitor 90.416pF
Temperature on test 100°C(junction)
90.0%
80.0%
70.0%
60.0% X
P
2 50.0%
3 LJ »
= 40.0%
m
30.0% :
Sim@50°C 200V 4.967MHz
20.0% Expe@50°C 200V 4.967MHz
90— Sim(@ 00V 6.094MHz
10.0% —+— Expe@75°C 300V 6.094MHz
0.0% —e— Sim@100°C 400V 7.041MHz

005 01 015 02 025 03 035 04 045
Duty

Fig.11  Results for verification 1&2.

efficiency, it can be inferred that all the operations at ¢ = 0°,
D = 0.25 are satisfying the ZVS condition. Among these
three ZVS operation points, 300V can achieve 6.094 MHz
while 200 V can only achieve 4.967 MHz. And the highest
frequency of 7.041 MHz is achieved by the highest DC input
voltage of 400V. If ¢ = 0°, D # 0.25, the analyzed ZVS
condition is not satisfied so that the efficiency decreases.
Thus, the first and second analytical results are verified. As
the simulation is conducted by the switch in SPICE model,
the contained on-resistance and input capacitance leads to
the inescapable conduction loss and switching loss. Thus,
for each operation, even if the ZVS condition is satisfied, the
obtained efficiency cannot be very high at such a high fre-
quency of megahertz. Furthermore, as the degree of Miller’s
effect occurred by the input capacitance varies from differ-
ent frequencies, there are few differences among the obtained
highest efficiencies under the ZVS condition. On the other
hand, the experimentally obtained curves by both operation
conditions keep the same characteristics as those of simula-
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Table S  Conditions for verification 3.
Parameter Simulated Measured
Duty 0.25 0.25
Gate voltage 16V 16.2V
Load resistance 50Q 40.96Q
Condition A
Input voltage 50V~200V 50V~200V
Switching frequency 4.967MHz 4.967 MHz
Total inductor 8.011uH 8.010uH
Resonant capacitor 128.164pF 129.068pF
Temperature on test 50°C(junction) 50°C(case)
Condition B
Input voltage 50~300V 50~300V
Switching frequency 6.094MHz 6.094MHz
Total inductor 6.529uH 6.508uH
Resonant capacitor 104.694pF 104.796pF
Temperature on test 75°C(junction) 75°C(case)
Condition C
Input voltage 50V~400V
Switching frequency 7.041MHz
Total inductor 5.654uH
Resonant capacitor 90.416pF
Temperature on test 100°C(junction)
90.0%
80.0%
70.0%
60.0%
2
g 50.0%
2
E40.0%
m
30.0% Sim@50°C 200V 4.967TMHz

Expe@50°C 200V 4.967MHz

—eo— Sim@75C 300V 6.094MHz
10.0% —— Expe@75°C 300V 6.094MHz
—e— Sim@100°C 400V 7.041MHz

20.0%

0.0%
0 50 100 150 200 250 300 350 400 450
Vin[V]
Fig.12  Simulation result for verification 3.

tion. The obtained efficiencies under the ZVS condition at
¢ =0°, D = 0.25 are consistent with the simulated result.
Table 5 shows the conditions of simulation and exper-
iment for verification 3. The duty is fixed at 0.25 with the
precondition of ¢ = 0°. According to Table 1, the fre-
quencies are set to the corresponding maximum operating
frequencies under the ZVS condition of 400V, 300V and
200V DC input, respectively. For each frequency, the DC
input voltages are set from 50V to 400V, 300V and 200V,
respectively. Figure 12 shows the simulation results. For
each operation, the highest efficiency can only be obtained
when the input DC voltage and its corresponding maximum
operating frequency under the ZVS condition are matched
with each other, which are 75.8% for 7.041 MHz at 400V,
77.4% for 6.094 MHz at 300V, 78.0% for 4.096 MHz at
200 V. For each operating frequency, if the DC input voltage
deviated from the matched value, the ZVS condition is not
satisfied and the efficiency decreases. For example, when
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operating at 7.041 MHz, the matched DC input voltage un-
der ZVS condition should 400 V. If the voltage deviates to
300V, the corresponding maximum operating frequency un-
der the ZVS condition of 300 V becomes 6.094 MHz. As
7.041 MHz > 6.094 MHz, the frequency limitation under
the ZVS condition of 300V is exceeded. Thus, the ZVS
condition is not satisfied by 300V at 7.041 MHz and the
efficiency decreases. On the other hand, at the DC input
voltage of 200V, the highest efficiency is only obtained at
4.967 MHz, which is the corresponding maximum operating
frequency under the ZVS condition. If the frequency de-
viated higher, like 6.094 MHz or 7.041 MHz, the frequency
limitation under the ZVS condition of 200 V is exceeded, thus
the ZVS condition is not satisfied by 200 V at 6.094 MHz or
7.041 MHz and the efficiency decreases. As for experimen-
tal result, the data are all obtained by the experiment under
the precondition of ¢ = 0°, D = 0.25. The obtained curves
keep good agreement with those of the simulation.

9. Conclusion

This paper proposes an analytical model of maximum op-
erating frequency of class-D ZVS inverter. The proposed
model includes the linearized parasitic capacitance and the
any duty ratio. The model is built based on the expressions
derived from the class-D inverter operation principle and
the Fourier expansion under the ZVS condition. And the
design equations for circuit parameters are also built. The
result of frequency analysis shows that the maximum oper-
ating frequency under the ZVS condition can be obtained in
condition of 0.25 duty and 0° output current phase angle and
the highest DC input voltage. The verification is conducted
by a self-designed class-D inverter within a 650 V/30 A SiC-
MOSFET. The ZVS operation and analyzed frequency char-
acteristics are successfully verified by both simulation and
experiment in good agreement.
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