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A Study on Commercial Frequency Source with High Frequency
Resonant Type using ZCS
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Abstract-This paper describes a new dc-ac inverter system which for achieving sinusoidal ac waveform makes use of
parallel loaded high frequency resonant inverter consisting of full bridge. Each one of the pair of switches in the
inverter is driven to synchronous output frequency and the other is driven to PWM signal with resonant frequency
proportional to magnitude of sine wave. A forced discontinuous conduction mode is used to realize the quasi-sinusoidal
pulse in each switching period. Therefore the inverter generates sinusoidal modulated output voltage including carrier
frequency that is resonant frequency. Carrier frequency components of modulated output voltage is filtered by low pass
filter. Since current through switches is always zero at its tum-on in the proposed inverter, low stress and low
switching loss is achieved. Operating characteristics of the proposed system is analyzed in per unit system using
computer simulation. The output voltage of it includes low harmonics and it is almost close to sine wave. Also, the

theoretical analysis is proved through the experimental test.
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1. Introduction

In recent years, the UPS(Uninterrupted Power Supply)
is used as the power supply of electronic devices, com-—
munication equipment and medical treatment electronic
systems. It is necessary for above apparatus(UPS) to
have an inverter to convert DC to AC".

There are a lot of papers introducing how to control
the inverter. The control methods they have been using
are phase control and PWM methods till now™ . The
inverter controlled by these methods has some problems
such as switching stress and loss, higher order harmonic
components. Thus, we usually use ZVS and ZCS techniques
to remove them 2117

Also, there is an inverter using high frequency resonance
that includes VVVF technique. However, the inverter is
too complicated because there are two resonant reactors
and condensers, respectivelylg}.

In addition, the load assignment between arms in the
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inverter bridge circuit is unbalance. This paper proposes a
simple resonant inverter that is similar to conventional
full bridge Inverter. Thus, it is possible to reduce the
number of switching devices, resonant inductors and con-
densers in the inverter circuit.

The proposed inverter operates as discontinuous con-
duction mode and makes the output voltage formed
sinusoidal quasi-resonance pulse row by using a high
resonant controlled PWM inverter.

The output voltage becomes a sinusoidal wave by
LPF(Low Pass Filter). In addition, the switching stresses
and losses are reduced because the switches are turned
on only when the current through the inverter circuit is
made zero. The theoretical analysis is proved through the
experimental test.

2. Operating principles of the proposed inverter

Fig. 1 shows a high frequency resonant inverter con-
nected in parallel with the load. This is the proposed
inverter circuit which is similar to the conventional full
bridge inverter. In Fig.1, the switches S1, S2, S3, S4 are
self turn-off devices for PWM control. L and C are the
resonant reactor and the resonant condenser, respectively.
Lf and Cf are the filter reactor and the filter condenser,
and R is the Diodes D1, D2 are for
composing high frequency resonant loop, and Diode D is

load resistor.



for blocking a resonant current conducting backward. Fig.
2 shows on/off timing diagram of the switches S1, S2,
S3, S4 in order to make the output voltage close to the
sinusoidal wave.
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Fig. 1 Proposed inverter using ZCS
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Fig. 2 on - off timing diagram

The proposed circuit shown in Fig. 1 consists of two
switch family proportional to (S1, S4) and (S2, S3) as a
full bridge type. The S1 and S2 are operated in turn to
frequency voltage and
synchronize with the frequency of the source. The S3 and
S4 are operated by the PWM signal in the frequency of
the source.

Thus, if the operating frequency of the switches S1, S2
is changed, the frequency of the output voltage will be
changed. Also, if the duty ratio of the switches S3, S4 is
altered, the amplitude of the output voltage will be
altered. Therefore, the proposed circuit can be operated as
VVVF(Variable Voltage Variable Frequency).

In the case of not using the filters Lf and Cf, the
operating mode, as like shown in Table 1, decided by L
and C of the proposed circuit during one period can be
divided into three modes. According to the states of the
S1 and S2, each mode can be divided into two again.

These two modes have the same operation except that
the voltage and current is in the opposite direction.

1 and 0, in table 1, represent the state of turn-on and
off of the switching devices, respectively. Fig. 3 shows
the equivalent circuit of the each mode.

To simplify the analysis of the circuit, the state

get the sinusoidal commercial
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equation is represented in per unit, as shown in Table 2.
After this, all values are represented by the per—unit
method.

Table 1 Operating Mode

Operating Mode 1 Mode 2 Mode 3
Mode a a’ b b’ c c’
S1 1 0 1 0 0 0

S2 0 1 0 1 0 0

S3 0 1 0 0 0 0

S4 1 0 0 0 0 0

D 1 1 0 0 0 0

D1 0 0 0 1 0 0
D2 0 0 1 0 0 0
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Fig. 3 Equivalent circuit of each mode

Table 2 Reference value of per unit system

Parameter Reference value
Voltage Ve = Eg4
Current Iy = Vi/Zs
Reactor Ly = 44( u H)

condenser Cy = 124( nF)

Impedance Zy=V Ly/C,

Time ty=2n\V L,Cs
Frequency =1t
Angle Frequency ws=1/VL,C,

Power Py, = Vil

The operation of the circuit at k times switching is as
follows:

(1) Mode 1(a, a’)=>(t,~t;)
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In this mode, the condenser C is charged by the
current i; flowing out from the source. The solutions of
the current i; and the voltage vy can be obtained by the
state equation as follows:

il( tk) = % +e _at'(k“SinBtk‘*' klzcosb’tk)
va(t) =1+e ““(kysin Bty + kycos Bty

1 N
oRC: A=V —a

k= (aky+ (L= va)/L Y8, ko=in—%

(L

Where a=

_ l‘m G(I_UOI)
kxa—"g—T
The Un

value of the wvy equals the final value of that. In the

, ku=va—l, =14

equals wvg=(T,—t) because the initial

case of the mode 1(a), sn, sign of Ed, is 1. Under the
mode 1(a’), sn is 1.

(2) Mode 2(b, b')=(t;~t2)

In this mode, the source is disconnected, and the
energy of the inductor is discharged.

The solutions of the current iz and the voltage v~ can
be obtained by the state equation as follows:

(t)=e ““(kysinBt,+ kycos Bty @
va(te)=e ““(kysin Bty + kyycos Bty

Where , ky = {a’ioz'% 1B, kp=ig

;
/?23:{%_0’1/02}//3, ky=vp, h=t=4
The iy and vy are the initial values of the mode

2. Thus, fp=14(4 — 1), ve=va(t;— &)
(3) Mode 3(c, c')=(t~T7)

In this mode, the current i3 flowing through the
inductor L is decreased to zero, the condenser C starts to
discharge through the load. The solutions of the current i3
and the voltage vg can be found by the state equation as
follows:

ls(tk)—o_za[ 3)
va(t)=vge

Where , t,=1t—1t;, vp=10vs(b—H).

The waveforms of the voltage and the current of the
mode 3 during the k times a resonant period Tr are
shown in Fig. 4.

When the switch S1(S2) is turned on at t = f, the
current flowing through the resonant condenser and the
load from the source starts to conduct and the energy of
the inductor is stored.
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The proposed system is using the high frequency
resonant inverter operating as discontinuous conduction
mode. The duty ratio of S3 and S4 has to be less than
1/2 in order to keep a time interval that is 50(%) of a
switching period.

Thus, under the condition of the duty ratio, the switch
is turned off at ¢ = ¢;, the stored energy of the inductor
begins to discharge and the resonant current reduces and
becomes zero at t = t.

The current of the inductor doesn’t conduct until next
signal and the charged energy of the condenser starts to
discharge through the load.

Ve

to ts te Tr

Fig. 4 Basic waveforms
3. Operating characteristics of the proposed inverter
To make the output voltage formed sinusoidal
quasi-resonance pulse row like that shown in Fig. 4, the
turn-on switching signal width £, should be in proportion

to the magnitude of the sinusoidal wave like shown by
Eq (4).

t= % msin(9.28x 10 ~577) @

Where m is the amplitude modulation ratio.

According to the Eq (4), in the absence of the filters,
the theoretical, the experimental
waveforms of the output voltage and switch current are
shown in Fig. 5(a), (b), (¢), (d), (e) respectively.

Table 3. shows the circuit parameters of Fig. 5(c), (d),
(e)

Pspice and the

Table 3 The circuit parameters

Circuit Parameter | Rating |[Circuit Parameter | Rating
Input Voltage 50(V) | Resonant reactor |44( z H)
R t
esonan 1.24(uF)| Filter reactor | 3(mH)
condenser
Filter condenser | 20( #F) Load Resistor 20(82)
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Fig. 5 the output voltagelv,) and switch current() of the
proposed inverter{without filters)
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The sinusoidal wave of the commercial frequency is
modulated according to the carrier frequency ie, the
resonant frequency, the waveform of the output voltage
being shown in Fig. 5.

Thus, as shown from Fig.1l, since the carrier frequency
components are included in the waveform of the output
voltage, it can be reduced by adding the LPF composed
of Ly and G, yielding finally, the sinusoidal wave of the
output voltage.

The state and the output equation including the filter
condenser resistor r,, and the inductor resistor r;, is given
by

dx

—EL=A1x1+B]u1 5)
= Cx; (
Where, x,= [i; v’ yw=vy uy=vi
_ nret R(ri+r) R
A= LAR+ 7)) LAR+ 7))
R _ 1
CAR+r,) CAR+7,)

_r1 ! _ rR R
Bl_[L, 0]’C‘—[R+rc R+7.

The transfer function of the output voltage v, with
respect to the filter input voltage v, is given by

vols) a,+as
vin(s) b,+ b]S+ szz

Where, @, = R, a1 = reRG, bo = 11 + R

by = L+ nRG + renG + rRG
b.? = qu(R * r(')

G(s) =

The inductor and the condenser using low pass filter
circuit should be chosen by the current flowing through
the condenser when no load current is less than 5(%) of
the rated value. The cut-off frequency is decided by the
range of controlled frequency. In this paper, in the case of
R = 15, the cut-off frequency f. is 0.04. Thus, the filters,
Ly and G are 70 and 16, respectively. The frequency
response of the transfer function of the equation (6) is
shown in Fig. 6.

Vo /Vio

0.00 0.04 0.08 0.12 f

Fig. 6 Frequency characteristics of the transfer function.
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Fig. 7 The output voltage(v,) and fiter inductor current(i
of the proposed inverter{with filters)

The state equations and the output eguation including
the filter are given by

Q=Ax+Bu
at %
y=Cx
Where, x= [4, i v, vyl u=1
_m ]
0 0 12 0
1 1
a=| 0 0 Ly Ly
m 1
c ¢ 0O 0
1 1
o z 0 G,
, Y= U,
t
B:[—”‘z‘ﬁ 00 o], c=10 0 0 1]

Where ml and m2 are 1 in the mode 1 and 2, and 0 in
the mode 3. sn is 1 in the mode a, b, ¢, and -1 in the

’

mode a’, b’, ¢'.
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The solution of the equation (7) can be obtained by the
numerical analysis method.

Fig. 7(a), (b), (c) shows the output voltage and filter
inductor current waveforms that are obtained by the
simulation using the Runge-Kutta method, the Pspice and
experiment, respectively.

The circuit parameters have already been represented
in Fig. 5(c), (d), (e)

Tek IO S0kS/s

Chi ! S4 Gate signal
ChZ : S1 Gate rignal
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ChY 1V S0mV M230us ChT 7 IS8V
Ret2 100mv DS fg_soezpoI’QDﬁ

(b)
Fig. 8 Gate signals and switch current,

Fig. 8(a), (b) shows the gate signals of the switch $4 ,
Sl and the switch current(i).

As shown from Fig. 8(a), (b), we can know that the
7ZCS operation is realized by the gate signals of the
switch 54, S1.

In order to analyze the harmonic components,
harmonic factor is essential and defined by

the

H F— — harmonic_component  _ Z’z Vi
: Sfundamental component V,

[ v)- v/}
= ——171———-—1 (8)

Fig. 9 shows the rms values(v,) and the harmonic
factors with respect to the amplitude modulation ratios.
In Fig. 9, the amplitude ratio is in proportion to the rms
value and harmonic factor. Thus, when the amplitude
modulation ratio is increased, the harmonic factor is also
increased. Accordingly, the maximum output power in the
permitted harmonic factor can be decided by Fig. 9.

According to the change of the load resistance, the rms
voltage of the output and the harmonic factor are altered

and shown in Fig. 10.
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Fig. 9 The rmms voltage and harmonic factor with
amplitude modulation ratio m.
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Fig. 10 The rms value and harmonic factor of the output
voltage with load resistance.

The load resistance which is proportional to the output
voltage is shown in Fig. 10. In order to keep the output
voltage constant we need a proper control method.

4. Control of the proposed inverter system

In Fig. 9, since the output voltage is changed with the
amplitude modulation ratio m, m is decided to keep the
output voltage constant using the PI controller to reduce
the error between the output voltage and the reference
one. The m is as follows!

m=ky(Vpy— )+ k,-f( VUpep— Vo)t 9
Where 0,6/= Upmsin (9.28%10 ~*2f?)

The total control system to control the inverter system
proposed in this paper is shown in Fig. 11.

The signal of the square wave of the output frequency
can be got by a signal generator of the square wave or
the commercial frequency changed to the square wave
using the zero crossing detector. This square wave is
converted to the pulse signal several times multiplied by
the resonant frequency.

The m is decided to keep the output voltage constant
using the PI controller to reduce the error between the
detected output voltage and the reference one, and the
signal of PWM is synchronized with the pulse signal of
the frequency multiplier and generated by Eq. (4).
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Fig. 11 Control system diagram with ZCS type a high
frequency resonant inverter.
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Fig. 12 Dynamic characteristics of the output voltage
with varying reference voltage.
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Fig. 13 Dynamic characteristic of the output voltage with
varying load.

The dynamic characteristics of the output voltage
controlled by this system are shown in the Fig. 12 and
13. Even though the reference voltage and the load are
changed, the error is very small, and the output voltage
follows the reference voltage well. Thus we can conclude

that the proposed inverter has a good response.
5. Conclusion

This paper proposed the resonant inverter system that
could control the amplitude and the frequency of the
output voltage using PWM and lessen the problems such
as switching stress, loss, and harmonics, of conventional
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high frequency inverters.

As the theoretical waveforms compare to the experi-
mental waveforms, we could certify the operating charac-
teristics of the proposed system.

The results is as follows ;

1) The proposed system is simple because the numbers

of resonant condensers, reactors and switching
devices are reduced.
2) The current stress and loss of the switching device
is decreased because the proposed system is com-
posed of a circuit using the high frequency resonant
characteristics.
In the proposed system we can get the sinusoidal

wave of the output because it includes only a few

3

=

harmonics.
4

fas

The response characteristics of the system are fast
because a PI controller controls the error between
the output voltage and the reference voltage.

In the future, we expect that this inverter can be used
as the UPS of communication equipment and rectifier,
induction appliance etc.

6. Reference

[1] Guan-C yun Hsieh, Chun-Hung Lin, Jyh-Ming Li and
Yu-Chang Hsu, “A study of series-resonant DC/AC
Inverter,” in Proceedings of the 1995 IEEE Pesc95,
Vol. 1. pp. 493-499.

{21 A. K. S Bhat, S. B. Dewan, “DC-TO-AC Utility
Using Sin-wave Resonant Invertermn,”
of the IEE, Vol. 5, pp. 135-141.

[3] T. Haneyoshi, A. Kawamura and R. G. Hoft, “Wave-
form compensation of PWM inverter with cyclic fluc-
tuating loads,” in the Proceedings the 1986 PESC
Record, pp. 744-751.

[4] K. Harade, H. Sakamoto and M. Shoyame, “Phase
controlled with high frequency switching,” IEEE Trans.
on Power Electronic, Vol. 3, No. 4, pp. 406-411. 1988.

[5] IYamato, N.Tokunaga, Y. Matsuda, H.Amano and
Y.Suzuki, “High frequency link DC/AC converter for
UPS with a new voltage clamp,’in the proceedings
the 1990 IEEE PESC Record, pp. 749-756.

[6] J. He. N. Mohan and B. Wold, “Zero—Voltage switching
PWM inverter for high frequency DC-AC conversion,”
in the Proceedings the 1990 IEEE IAS, pp. 1215-1221

[7] Jong-Hae Kim, Dong-Hee Kim, Sang-Jun Bae, “A
study on commercial frequency source with ZCS type
high frequency resonant inverter,” ICPE’'98 Proceedings,
pp. 1030 - 1035, October 26-31, 1998

[8] P. Savary, M. Nakaoka and T. Maruhashi,
Type of high frequency link inverter for Photovoltaic
Residential Applications,” IEE Proceedings, Vol. 133,
Pt. B, No. 4, pp. 50-56, July 1986.

in Proceedings

“Novel

454

X
2
s

N

n&
Obt

s (& 8 8
9681 3¥ 11Y A 1994 Y
A7)ty 9. 199%6d ddd o A
7]%"’ﬂ ZQ(AAh. 19963 ~dA 9
W A7l FEs SARAsE Add, R
AU ZAL
el : 053-810-2488
p9614702@chunma. yeungnam.ac.kr

E-mail :
253 (&2 8B

1950 119 2048, 1973d Addd &
ArlEetn 2. 10759 £ W A7
Ty EY(AAL. 1987d Kobedh &
A(Feh). 198711 ~1989d gxA7IA T A
AgAR A7EF @4 ddd TH A
AR BT we

Tel : 053-810 -2488

E-mail :

U

dohkim@ynucc.yeungnam.ac.kr

X TR RY

A 7]“‘§1 =32 A48BA #2238 F=x
: 053-810-2483

E-mail : rcg@ynucc.yeungnam.ac.kr

T2 (A F R

1970 149 1194, 1995¢ ddd Fd

A7) Fera £¢. 19973 5 WEgd A7

383 EAMAD, A dddistm A7)

3 3}3} wAbaA,

g

o o

o & F (3 1 3)

19523 109 11943, 1980 dddl &l
A71Eets £, 19829 5 oiehel W]
Feta 2D, 19959 F gt A
7l Eo EAE. WA AR 2
7% @

ol B M (F &
19659 949 1994 1991d dddl ¥
W1 9. 19039 5 oiorY 4
Feha FAAAD. 19%9 F BEHY
Aetat EAEH. A4 AHAAY
CEEEELEESTS

ok X N L&



