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Characteristic Analysis of ZVS-HB Type High Frequency Resonant Inverter
According to the Variable Capacitance of the DC Voltage Source
Separation Capacitor
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Abstract-This paper presents about an example of circuit design and characteristics of inverter according to the variable
capacitance of the DC voltage source separation capacitor used in ZVS-HB type high frequency resonant inverter. The soft
switching technology known as ZVS is used to reduce turn off loss at switching. In the event the capacitance of the DC
voltage source separation capacitor is varied, the analysis of inverter circuit has generally described by using normalized
parameter and operating characteristics have been evaluated in terms of switching frequency and parameters. According to
the calculated characteristics value, a method of the circuit designs and operating characteristic of the inverter is also
presented in this paper. In addition, this paper proves the validity of theoretical analysis through the experiment. This
proposed inverter shows that it can be practically used in future as power source system for the lighting equipment of

discharge lamp, DC-DC converter etc.
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1. Introduction

In recent years, according to using a power semiconductor
device which has advantageous characteristics of high speed
switching and small driving power, switching frequency of
power conversion system has been ranging from tens of kHz to
hundreds of kHz "2

In driving a power switching semiconductor device to high
speed switching, there are some problems such as dv/dt and
di/dt stress, EMI problem, increase of switching loss due to
charge dump of the switching device, the leakage inductive etc.
in the circuit. So, in order to remove some problems, this
paper introduced ZVS and ZCS technology to reduce tumn on
and off loss at switching and the main conversion circuit is
composed of the resonant type circuit. Generally, the
voltage-fed high frequency resonant inverter consisting of
half-bridge type uses the DC voltage source separation capacitor
in order to separate the DC voltage source. The DC voitage
source separation capacitor, however, has some problems such
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as the light weight and small size because the increase of the
capacitance of the DC voltage source separation capacitor causes
an increase of in-rush current. The characteristic analysis
according to the capacitance ratio of the resonant capacitor and
the DC voltage source separation capacitor used in ZVS-HB
type high frequency resonant inverter are described in this
paper. In the event the capacitance of the DC voltage source
separation capacitor is varied, the analysis of inverter circuit can
be generally described by using normalized parameter.

The operating characteristics have been evaluated in terms of
switching frequency and parameters. According to the calculated
characteristic value, a method of the circuit design and
operating characteristics of the inverter is proposed.

In addition, this paper proves the validity of theoretical
analysis through the experiments and use Power-MOSFET to
the switching devices of inverter circuit.

2. Characteristics analysis

2.1 Configuration of the ZVS-HB iype inverter

Fig. 1 shows the ZVS-HB type high frequency resonant
inverter which has the variable capacitance of the DC voltage
source separation capacitor(Cl, C2) corresponding to dashed part
of Fig. 1. The circuit scheme, as shown in Fig. 1, is composed
of the resonant inverter which reduces turn on and off loss
generating in the switching devices at switching using ZVS
capacitors(Cdl, Cd2). The ZVS capacitors(Cdl, Cd2) are
cornected in parallel with the switches(S1, S2).
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Fig. 1 ZVS-HB type high frequency resonant inverter according
to the variable capacitance of the DC voltage source
separation capacitor

The switching devices(S1, S2) can be used in all switching
devices with self-turn off function and the diodes(D1, D2) is
used to by pass ineffective current flowing in the circuit that
has been shown in the circuit operating characteristics.

The load of inverter can be employed by using discharge
lamp like fluorescent light and also the circuit configuration of
Fig. 1 consists of resonant reactor L, parallel resonant capacitor
C across load, series capacitors(Cl, C2) according to the
variable capacitance of the DC voltage source separation
capacitor and the switching devices(S1, S2), diodes(D1, D2),
ZVS  capacitors(Cdl, Cd2) across the switches(S1, S2),
respectively.  Since this ZVS operation is not generating turn
off loss at switching in the event to the inductive load state
which means that a phase angle of the switching current occurs
later than a phase angle of the voltage across the load
impedance, the disadvantage of the load resonant circuit is
limited in the load region of the inductive load state.

In Fig. 1, the deciding equation of the minimum
value(tomn)® of dead time in order to ZVS operation is as
follows.

2'Ed'Cd 2'Ed'Cd

tomin = T. ~ ILeng )

2.2 Circuit analysis

Table 1 Normalized parameter

ﬁ A
Es V' {2)=v(t)/Ea

I=E4/Zs {'(2)=i(t/I
Tsw=1/f9w 2=/ Tow
fr= 1/27W. L,C, £ =fulfr
Zb=2V L[,/Cb /{zR/Zb

Py=Eg- I P'(2)=P(t)/P,

<Remarks>
fsw ¢ Operating Frequency of Inverter
T, : Operating Period of Inverter
Li=L, C=Ci=C;, Ci=Cot1=Cea

C-C;
Cy= C¥cC, =G/C, B=C/Cy

a=L/Ls, b=Lo/Ls, c = ab , d = ¢/(¢’ - ab)
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The operation mode of Fig 1 divided into six mode by
on - off operation of the switches(S1, S2), diodes(D1, D2)
and the charge and discharge of the ZVS capacitors(Cdl, Cd2)
across switches(S1, S2). Also, the six mode as mentioned above
can be expressed in four mode under the principle of circuit
operation. In order to generalize of circuit analysis to the state
equation of each mode, the circuit state equation have been
introduced to normalized parameters shown in Table 1.

In the event to the capacitive load state, the switching loss
at tum off is removed by zero current switching. But, the turn
on switching operation has not expected to be safe operation in
views of hardware side due to higher stress in the switching
devices by generation of the higher switching loss and the arms
short according to recovery time of diode.

The inverter operation of Fig. 1 can be expressed by the
state equation (2), also can be illustrated by four mode like
Eq(3)(4) and Eq(5)6) according to on-off state of the
switches(S1, $2), diodes(D1, D2).

ax’ _
T =A""X"+B-U
Yy=C X (2)

Where X'=[ iw'(2), {1(2), i'(2), v'(2), Val2), V' el2),
Vear(2), Ve{2) TU=L 10000000}, A", B, C of each
mode is as follows.

The marks concerning A°, B’, C of each mode is as
follws :

E=——4—7r,F=—4-E—,G=——4Md,
u 7 y7
H=— 47rbd,]: 47r/1ad, K=-Axd
ue ue “
_(—a =&
1 (a+1),u’
N=- (7 )” P= (D
a+l’2p’ a+17’ 2u
= B p__(_a yiB
Q= (ar+l) k= (a+1)2;t
0 0 0 E F 0 0 F
0 0 G H 0 0 0 0
0 0 J K ©0 0 0 0
A=l L M 0 0 0 0 0 0
N 0 0 0 0 0 O0 O
P 0 0 0 0 0 0 O
Q 0 0 0 0 0 0 0
R 0 0 0 0 0 O0 O
B=(E0 0 0 0 0 0 0
C =[0001000 0 3
0 0 0 E 0O E 0 0
0 0 G H 0 0 0 0
60 0 J K 0 0 0 0
A-|] L M 0 0 0 0 0 0O
N 0 0 0 0 0 0 0
P 0 0 0 0 0 0 O
0 0 0 0 0 0 0 O
0 0 0 0 0 0 0 ©
BB=[F0 0 0 0 0 0 oI
C =[000100 0 0 (@)
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0 0 0 E 0 E E 0
0 0 G H 0 0 0 0
0 0 1) K 0 0 0 0

A" = L M 0 0 0 0 0 0
N 0 0 0 0 0 0 0
P 0 0 0 0 0 0 0
Q O 0 0 0 0 0 0
R O 0 0 0 0 0 0

B=[F0 0 0 0 0 0 01

C =[00O0100O0 0 5)
0 0 0 E F 0 0 0
0 0 G H 0 0 0 0
0 0 J K 0 0 0 0

At = L M 0 0 0 0 0 0
N O 0 0 0 0 0 0
P 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

B=[(E0 0 0 0 0 0 0]

C =[0001000 0] 6)

3. Characteristic estimation
Vel*_rip

Fig. 2 The ripple Characteristics of the DC voltage source
separation capacitor

Fig. 2 shows the ripple characteristics of the DC voltage
source separation capacitor voltage(ve ' ripie) according to the
variation of (¢, a) with 2=7, B=40.

The ripple factor of the DC voltage source separation
capacitor voltage is defined as follows.

Vac _ V2 s — Ve
Vde — Ve

RF= x100[ %] 7

In the event e is small, as shown in Fig. 2, when we see
from the DC voltage source to load side, Cs is not seen as the
DC voltage source separation capacitor but the resonant
capacitor.

But, when ¢ is large, Cs is seen as the DC voltage source
separation capacitor which have more dc components than ac
components. ’

Accordingly, since the ripple factor is less than 0.1(%) with

354

@>30, Cs can be regard as the DC voltage source separation
capacitor with the DC voltage of Ed/2.
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Fig. 3 The safety operating zone of ZVS-HB type inverter

Fig. 3 shows the safety operating zone of ZVS-HB type
inverter with @, 2 and A as parameters.

The safety operating zone of this paper can be achieved the
inductive load state corresponding to ZVS operation condition
which have enough charge - discharge time in order to remove
turn off loss at switching.

The space below the 3 dimension graph is unstable operating
zone, But, the space above the 3 dimension graph indicates
stable operating zone.

The safety operating zone of the proposed inverter, as shown
in Fig. 3, is subjected to a lot of effect according to value of
the normalized parameter . Also, even though ¢ and 1 .is
largely varied, the inverter stable operation in the value of less
than #=0.7 can not be realized.
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Fig. 4 Characteristics of Zd

Fig. 4 shows the charge and discharge time characteristics of
7VS capacitor(Zd) according to the variation of (g, @) with
A=7 and 8=40.

The characteristic values of Zd, as shown in Fig. 4, is
decreased with «. .

Since the switching current is decreased with the increase of
@ because the load impedance is increase.

When e is more than 30, the value of Zd shows nearly

constant value. The value of Zd is also increased with s.




Moreover, as long as g goes to the inductive load state, the
value of Zd is increased with the decrease of switching current.

P*max

Fig. 5 Characteristics of the output power

Fig. 5 shows the output power according to the variation of
(u, @) with A=7 and B=40, As a is decreased, as shown in
Fig. 5, the output power is increased even up to the optimum
operating point

According as @ is smaller, the switching current is increased
because the load impedance is decreased as mentioned above.
Also, according as « is smaller, the ZVS operating zone and
the safety operating zone of the proposed inverter is extended
because the resonant frequency is increased by «.

Moreover, in proportion as e« is increased, the optimum
output power(P’ma) is found at around £=1.0.
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Fig. 6 Characteristics of the peak switch current

Fig. 6 shows the peak characteristics of the switching
current(is; me) according to the varation of (z, a) with 8=40
and A=7. As e is increased, as shown in Fig. 6, the peak
value of the switching current is decreased. Also, the
switching current and the resonant frequency of the proposed
inverter is increased with the decrease of @ because the load
impedance is decreased by «.

Accordingly, we can understand that the safety operating
zone with the inductive load state of ZVS-HB type inverter is
extended. When « is less than 30, the optimum operating
puint is found at #<1.0. When a is more than 30, the
optimum operating point is found at around #=1.0.
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Fig. 7 Characteristics of the peak capacitor voltage
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Fig. 8 The voltage across switch according to 2

Fig. 7 shows the peak characteristics of the capacitor
voltage(v:'ma) according to the variation of (z, @) with £=40
and A=T7.

The peak voltage of the resonant capacitor is decided by the
integrated value of current flowing through the switching
device. The characteristic values of Fig. 7 is used as the
important data which decides the resisting voltage of the
resonant capacitor in course of design.

Fig. 8 shows the voltage across the switch devices according
to the variation of 8 with =40 ,A=7 and @ =2.

According as £ is smaller, as shown in Fig. 8 we can
understand that the slope of ZVS capacitor voltage across the
switch is smoothed.

According as B is smaller, the charging and discharging
time of the ZVS capacitor is long.

So, if the charging and discharging time of the ZVS
capacitor is practically lengthened, it is important to select A8
with a proper slope because the switching loss is increased.

4. Circuit design

Based on the characteristic values obtained by the
characteristic estimation through the circuit analysis, the design
specification of the input voltage EA'V), the output power P(W)
and the switching frequency fa.(kHz) is established.

A method of the circuit design and operating characteristics
of the inverter is as follows,
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Decision of (A, g, @, 8, P'm) : Reference to
Fig. 5 and Fig. 8.

“Step:2" Calculation of basic impedance

- _ ) _ £ _ CCS

PQ="p =g}z, = C7C,
__El-P _,[Ls G ,_C

Z=—"mp ~A7TC =T FT,

{ Caleulation of L, G, G G(C = G), GACu=Cx)

-Step 5

| Calculation of the switch current and capacitor
voltage

issma - Reference to Fig. 6.

venze - Reference to Fig. 7.

<The example of the circuit design>

2
= S0 LEZ — 59,51

_35.5 _ — -6
=7.964 =36.8, V L,C,=4.324%x10

From the course of Step 2 ~ Step 3,
Calculation of Ls=85(gH), C=033(uF), G=066(uF)
C=8.125(nF)

" Table 2 Circuit parameters
T

36.8(Khz)

In the event to exercising simulation through the numerical
analysis using the Runge-Kutta with the design values as
mentioned above, under the steady state of the inverter, the
Pspice and theoretical waveforms of the switch current(isw), the
capacitor voltage(Vc) and the voltage across the switch(Ved2)
are shown in Fig. 9(a), (b) respectively.

Fig. 10 shows the experimental waveforms of the switch
current(isw), the capacitor voltage(Ve) and the voltage across
the switch(Ved2) through the experimental test in order to
prove the validity of the theoretical analysis.
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As shown in Fig. 9(a), (b) and Fig. 10, the result of the
theoretical, Pspice and experimental waveforms are in a good
agreement. Table 2. shows the circuit parameters of Fig. 1.

800 —————————t
_. 700+ — : isw(t)*10,---- : Ve(t)
¥z 600 . : Ved2(t)
@ 500 fsw=35.5[kHz], Cs=0.66{uF]
Y 400 | i :
> 300} << )
= 200} > .~ ]
%< 100+ . N
=3 (VS P - % N
= —100 . .
¥ 200 b . ]
m —-300 |~ _.-7 1
—-400 t+ T
_500 i t 1 1 L I I L 1
0 3 6 9 12 15 18 21 24 27
1-e6[s]
(a)
I

v NI 7 X
= <

(Voltage(Ved2) : 40(V)/div,. Voltage(Ve) : 200(V)/div,
Current : 10((A)/div)
Fig. 10 Experimental waveforms

5. Conclusion

This paper presents the ZVS-HB type high frequency
resonant inverter which has generally described by using
normalized parameter in terms of characteristics according to
the variable capacitance of the DC voltage source separation
capacitor.

In the event the ratio{ @) of the DC voltage source separation
capacitor and the resonant capacitor is varied, the optimum
operating point is found at #<1.0 when @ is less than 30.
The optimum operating point is found at around #=1.0 when ¢
is more than 30. Also, when @ is more than 30, since the
ripple factor is less than 0.1(%), Cs can be seen as the DC
voltage source separation capacitor with the DC voltage of Ed/2.



According as @ is smaller, the capacitance of the DC voltage
source separation capacitor can be realized as the light weight
and small size one.

In addition, according to the calculated characteristic values, a
method of the circuit design and operating characteristics of the
inverter is proposed.

Moreover, by result through experimental test using
Power-MOSFET, we can conclude that the theoretical, Pspice
and experimental waveforms are in a good agreement.

This proposed inverter shows that it can be practically
used in future as power source system for the lighting
equipment of discharge lamp, DC-DC converter etc
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