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Electronic Step Down (220/110 V) Transformer 
Using a New Quantum Series Resonant Converter 

Dong-Young Huh and Gyu-Hyeong Cho 

Abstract-A new Quantum Series Resonant Converter (QSRC) 
topology for pure sinewave 60 Hz ac chopper is proposed. It 
has three bidirectional switches and operates at high switching 
frequency with low switching loss. Bidirectional power flow is 
possible and the switches can operate at either zero current 
switching (ZCS) mode or zero voltage switching (ZVS) mode 
by slight modification. The QSRC is thought to be suitable for 
such a system with fixed voltage conversion ratio. The proposed 
converter is applied to an electronic 220/110 V transformer. The 
detailed analyses and the experimental results for 1 kVA are 
presented. 

I. INTRODUCTION 

HE step up of the line voltage from 110 to 220 V ac T reduces the loss in the power transmission line by one 
fourth, or transmits four times more power with the existing 
line for the same loss. Many electric equipments, however, 
still use 110 V ac and step down transformers are needed. Iron 
cored transformer has the features of low cost, good efficiency 
and high reliability. On the other hand, the conventional 
transformer is heavy and bulky and it has substantial amount 
of no load loss. No load loss is very important because the 
transformer is usually connected 24 hours a day and consumes 
energy. Especially if the operation duty of the equipment is 
low such as microwave oven, washer, refregerator, etc., the 
total efficiency of the transformer becomes poor even if the 
full load efficiency is very good. If the no load loss is counted 
nation wide, it becomes tremendous amount. 

On the other hand, electronic transformer can be made with 
negligible no load loss. Thus it has considerable advantage 
over the conventional iron cored transformer in such a kind of 
applications where the operation duty is low even if the full 
load efficiency is somewhat lower. Besides the weight and size 
of the electronic transformer can be significantly reduced by 
using an ac chopper with high switching frequency. 

Recently many soft switching converters have been reported 
for their merits such as high efficiency, high power density 
and high performance, etc. [ 1]-[6]. Among them the quantum 
converter has all of the merits of the soft switching converters 
and can easily be modeled to a conventional PWM-like 
converter [7],[8]. The voltage conversion ratio, however, is 
quantized in the quantum converter and it is somewhat difficult 
to control the output voltage with good precision between the 
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Fig. I .  (a) The proposed power circuit of the ac chopper. (b) Bi-directional 

quantized levels. But it is suitable for such a system with fixed 
voltage conversion ratio such as the electronic transformer. 

In this paper, an analytical method of deriving the voltage 
conversion ratio of the quantum converter is described and 
applied to a new quantum series resonant converter ( Q S R C ) .  A 
zero-voltage-switching QSRC is also proposed. The proposed 
ZCS QSRC and ZVS QSRC are applied to the ac chopper 
(electronic transformer) which has pure sinewave 60 Hz input 
and out and the design equations are derived. 

11. BASIC STRUCTURE OF AC CHOPPER 

Fig. l(a) shows the proposed power circuit of ac chopper. 
The part inside the dotted line shows the proposed QSRC mod- 
ule. QSRC module has two resonant capacitors (Cl and Cz), 
one resonant inductor ( L )  and three switches (SI, Sz, and S3). 
Symmetrical L-G structure is to reduce the current ripple. All 
of the switches are bi-directional as illustrated in Fig. l(b) for 
four quadrant operation. The switches are always switched on 
and off very near to zero resonant inductor current. 

Since the line frequency is quite lower than the switching 
frequency, the output voltage has the same waveform and 
frequency as the input voltage by controlling the three switches 
with a fixed switching procedure. The ratio of the input 
and output voltage can be set to any desired value as the 
conventional iron cored step-down transformer. To get 110 
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can be given as follows for each switch conduction state by 
assuming all of the switches, inductors and capacitors ideal. 

S1 conduction state Fig. 3(a) shows the equivalent 
circuit when S1  is conducting. The initial conditions are 
assumed as fpf=T!~fo+joo 

t t 

V,. 53 c, E v. 

i L ( 0 )  = 0, VCl(0) = Vll, V C 2 ( 0 )  = v21. (3.1) 

Fig. 2. QSRC module with dc input voltage Then the inductor current and the capacitor voltages are given 
by 

(c) 53 on 

sinw,t (3.2) Vl 1 i L ( t )  = - sinw,t = (6, - vo - V21) 

zr zr 

S2 conduction state Fig. 3(b) shows the equivalent Fig. 3. Equivalent circuits for each switch condition. 
circuit when S 2  is conducting. The initial conditions are 

from 220 V ac of line voltage, the switching sequence is i L ( 0 )  = 0, .Cl(O) = v12, V C 2 ( 0 )  = v22. (4.1) 
given by Sl-S2-S3-S2. In the case of output short circuit, 
however, the switching sequence is changed to S2-S3-S2-S3 
for protection. Two Cfs' are both for the input and the output 
filter capacitors and splitted in this way so that the voltage of 
the output is one half of the input at no load condition without 

During this state the inductor current and the capacitor voltages 
are given by 

(4.2) 

(4.3) 

v22 i L ( t )  = --sinw,t 
operating the switches. zr 

~ c l ( t )  = (Kn - Vo - V12)(1- coswrt) + VIZ 
111. DC OPERATION OF QSRC MODULE = (I& - V0) - v22 cos w,t 

wc2(t) = v22 COSW,t. (4.4) 
A. Analysis of The Basic Operation 

For simplicity, Fig. 2 shows the QSRC module for dc 
supply case instead of ac. At any time, only one switch is in 
conduction. Switching operation occurs at the instant of every 
zero inductor current and the ON duration of each switch is 
the half resonant period of L and C. The resonant tank circuit 
parameters are 

The and Output currents become 

1 .  Tr 
2 2 

&(t) = &(t) = - - z L ( t )  where 0 I t I -. (4.5) 

S3 conduction state Fig. 3(c) shows the equivalent 
circuit when 5 3  is conducting. The initial conditions are 

i L ( 0 )  = 0, Vcl(0) = v13, Vc2(0) = v23. (5.1) z ,  = g (1.1) 
1 Again the inductor current and the capacitor voltages are 

w, = - z (1.2) 
VLC' 

T, = 2 1 r m  (1.3) 

By low ripple approximation [9], the output voltage Vo can be 
regarded as constant for a fixed switching pattern. The sum 
of the two capacitor voltages, wcl + wC2, is always constant. 
Thus we can write 

For the case C1 = C2 = C / 2 ,  

(2.2) 

Therefore the inductor current flows through C1 and C2 with 
the same magnitude but in opposite direction. Circuit equations 

1 .  
- 5". Z C 1  = -zc2 = 

sin w, t (v23  + V O )  
i L ( t )  = - 

The input and output currents are 

1 .  &(t) = -io(t) = -- , Z L ( t )  

where 

Tr o < t < - .  
2 
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Fig. 5. The absolute inductor current waveform in steady state 

De-energizing mode: S2  and S 3  are switched on and off 
altematively at the instant of zero inductor current. In this 
mode, the LC tank energy is delivered to the source and 
the load. If S3 is tumed on with wcl(0) = VI > 0 and 
w c 2 ( 0 )  = -Vz < 0 at t = 0, then the magnitudes of the 
capacitor voltages at every zero crossing instant of the inductor 
current are given by 

Fig. 4. Variation rate of the absolute peak inductor current. (a) Energizing Iwc2(nTr/2)l = Iuc~[(m + 1)Tr/2]I 
= Vz - nVo (7.3) mode. (b) De-energizing mode. 

B .  Operation Modes where 

The converter has two operating modes which are named 
as energizing mode and de-energizing mode. 

Energizing mode: S1 and S2 are switched on and off 
altematively at the instant of zero inductor current. During 
this mode, the amplitudes of vel and w , ~  increase, that is, the 
source energy is delivered to the LC tank including the load. If 
S1 is tumed on with vc l (0 )  = VI > 0 and w C z ( O )  = -VZ < 0 
at t = 0, then the magnitudes of the capacitor voltages at every 
zero crossing instant of the inductor current are given by 

Iuci(mTr/2)1 = lwcl[(m + 1)Tr/2]l 
= VI + m(K, - Vo) 

Ivc2(mTr/2)1 = Iuc~[(m - 1)Tr/2]1 
= vz + m(K, - V0) 

(6.1) 

= VI + (m - l ) (Kn  - Vo) (6.2) 

where 

n = 2k, IC = 0 , 1 , 2 , .  . . . 

From (4.2), (5.2), (7. l), (7.2) and (7.3), the peak absolute value 
of the inductor current for the ICth half resonant period is given 
by 

(7.4) 

Equation (7.4) shows that the peak absolute value of i~ 
decreases by Vo/zr for every half resonant period as shown in 
Fig. 4(b). In the steady state, the increment of l i . ~ ~ l  during the 
energizing interval and the decrement of l i ~ ~ l  during the de- 
energizing interval becomes equal as shown in Fig. 5. Thus 
we can write 

where m is the number of the energizing half cycle and n 
is the number of the de-energizing half cycle. Therefore the 
voltage conversion ratio M is given by 

m=2IC, k = 0 , 1 , 2  , . . . .  

Equation (6.1), (6.2) and (6.3) show that the amplitudes of 
w,1 and u,2 increase by 2( V,, - Vo) for every resonant cycle 

peak absolute value of the inductor current for the kth half 
resonant period is given by 

(9) 

This procedure of deriving M can be applied to any types 

VO m 
V,, m + n '  

of the energizing mode. From (3.2), (4.2), (6.1) and (6.2), the M = - = -  

of quantum converters. 

'. 

(6.3) 

Equation (6.3) shows that the peak absolute value of ZL 

increases by (K, - Vo)/zr for every half resonant period 
Tr/2 as shown in Fig. 4(a). 

Vl + k(Kn - vo) 
2, 

liLP(k)I = 

Circuit 
From (9), we know that this converter is a buck type QSRC, 

thus it can be modeled as PWM buck converter as shown in 
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Fig. 6. The equivalent circuit and the current waveform. 

Fig. 7. The equivalent circuit of the ac chopper. 

Fig. 6(a). Also as shown in Fig. 6(b), the stepped waveform of 
the average io for the k t h  half resonant period, Z,+(k) can be 
converted into a continuous current iz which is the equivalent 
current flowing through Le,. In this case, zo,av(k) is given by 

z o ’ a v ( k )  = J k - 1 ) . , / 2  io ( t ) d t  
2 k . T T / 2  

(10) 
1 

= - l i L p ( k ) I .  
lr 

For the current i: equivalent switching period, T,* becomes 

(1 1) 
Tr T,* = ( m  + n)- 
2 

and the duty ratio D is given by 
m 

m+n’  
D = -  

Thus the equivalent inductance Le, is given by 

Le, = lr2 L. (13) 

IV. DESIGN PARAMETERS OF AC CHOPPER 

Since the line frequency is quite lower than the switching 
frequency, the results of the previous chapter can be directly 
applied to the ac chopper shown in Fig. l(a) which can operate, 
differently from dc case, at a inductive load. Fig. 7 shows the 
equivalent circuit where the equivalent switching period and 
the duty ratio are given by (12) and (1 3), respectively. 

Fig. 8 shows the waveform of iz whose peak value is given 
by 

1 
2 
m . n  V,, 
m + n  2 ~ 2 ,  

= I, + -AI, 

- I , +  -. -. (14) - 

Fig. 8. The waveform 2 : .  

t 

Fig. 9, Simplified waveform of io  

Since the magnitude of i~~ is 2 .  (../a) .zz, the maximum peak 
value of i~ becomes 

where lop,max is the peak value of the output current for full 
load and is the peak input voltage. Since the switch 
that is in conduction for the last half resonant period in the 
energizing mode is S2, from (4.3) and (4.4), we obtain 

(16) 

(17) 

where wcl ,p ,max  and wc2,p,max are the peak capacitor voltages 
at the full load, respectively, for the peak input voltage, . In 
Fig. 8, the difference between the rms values of iz and I ,  is 
less than 4% of 1, if AI, is less than I,. So in calculating 
the rms current, the output current io can be considered as a 
simplified waveform as shown in Fig. 9. Thus the approximate 
rms value of Z L  becomes 

n 
m + n  

Ivcl,p,maxl = zv iLp,max + - L , p  

I vcZ,p,max I = zr iLp,max 

(18) 

Since the equivalent conducting durations of S1, S 2  and 5 3  
for a given switching period are ( m / 2 ) .  ( T , / 2 ) ,  [(m + n ) / 2 ] .  
(T,/2) and (n/2) . ( T r / 2 ) ,  respectively, the rms currents of 
the switches are obtained by 

”. 

r -1- 
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Fig. 12. The input and output voltage waveforms 100 V/div, 2 ms/div. 

Fig. 10. The rms currents with variation of the output current T i n =  220 Vm5, 
V,= 110 V,,, line frequency = 60 Hz, z ,  = 14 12, D= 0.5, maximum AIc,= 7. 

Fig. 11. ZVS ac/ac QSRC 

Fig. 10 shows the rms currents of the inductor and switches 
versus the output current. Above 5 A of I,.,,,, the simulation 
results coincide with the equations for the device rms currents. 
Below 5 A of I,,,,,, however, the simulation results are 
different from the equations because AI, is larger than I ,  

Fig. 13. The capacitor voltage ( P ,  1 ) and inductor current waveforms at a full 
load ( I c >  = 10) .  Upper trace: v,1(500 V/div). Lower trace: i7, (20 A/div). 
Time: 2 ms/div. 

maximum output power at 100 kHz of the switching frequency. 
The circuit parameters are given as follows: 

in this range. The current flows more through S 2  than the 
other switches because S 2  conducts in both energizing and de- 
energizing modes. Maximum voltage stresses of the switches 

L = 22pH 
C1 = C2 = 47nF  

are given by c, = 47/LF 
z ,  = 1 4 0  
f, = 100 kHz Vs1,max = vs3,max = K n . p  (22) 

m 
m + n  (23) 

The control duty is chosen to 0.5 by selecting 
Vs2,max = - 

The switches of the ac chopper shown in Fig. l(a), are 
tumed on and off at each zero current instant. On the other 
hand, Fig. 11 shows a zero-voltage-switching QSRC. C, is a 
soft commutation capacitor of the switches. The conducting 
switch is tumed off before the inductor current decays to 
zero and then the next switch is turned on when zero voltage 
switching condition is met. The switching frequency is slightly 
higher than that of ZCS QSRC but all of the design equations 
for the ZCS ac/ac QSRC can be applied to this converter. 
This converter has more novel switching condition but slightly 
narrower load range than the ZCS ac/ac QSRC. 

rn = 2 and n = 2 .  

The input and output voltage waveforms are shown in Fig. 12. 
The output voltage is slightly lower than the half input voltage 
because of the conduction voltage drops of the switches. Fig. 
13 shows ucl and ZL at I,,,,, = 10A. At full load, the 
measured efficiency was 86%. At resistive load, the output 
voltage and the inductor current is in phase as shown in Fig. 
14. For the inductive load, however, the inductor current is 
delayed as shown in Fig. 15. It also shows that this ac chopper 
has the capability of 4 quadrant operation. 

V. EXPERIMENTAL RESULTS VI. CONCLUSION 

In the experiment, the ZCS ac/ac QSRC shown in Fig. 6 
is used. The converter is designed to have 220V,,, of the 
input voltage, 60 Hz of the line frequency and 1 kVA of the 

A new ZCS QSRC is proposed and applied to the pure 
sinewave 60 Hz ac chopper (220/110 V electronic step down 
transformer) which has the capability of 4 quadrant operation. 
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