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Abstract: A bilateral series resonant inverter for a 
high frequency link uninterruptible power supply 
is described. The proposed inverter consists of a 
zero current switched series resonant convertor, a 
high frequency transformer and a zero current 
switched cycloconvertor, where bidirectional 
power flow and high efficiency are obtained. In 
the proposed inverter, the output voltage is regu- 
lated by controlling the resonant tank energy. The 
switching pattern of the cycloconvertor is fixed to 
obtain the high frequency transformer. A new 
control scheme to minimise the output ripple 
voltage is suggested and verified through com- 
puter simulation and experiment, and the effects of 
the circuit parameters on the output voltage ripple 
are discussed. 

1 Introduction 

It is well known that demands for the uninterruptible 
power supply (UPS) have been rapidly increased. Many 
types of UPS have been developed for various applica- 
tions. Among them, a small UPS less than 1 kW is inter- 
esting especially in microcomputers and other electronic 
devices concerning office and home automation. Small 
size and low cost are required for these applications of 
the UPS. To achieve such characteristics, it is necessary 
to minimise the output filter and the isolation trans- 
former of UPS by using the high frequency link power 
conversion schemes [ 1-31. 

Fig. 1 shows the case where the isolation is made in 
the high frequency inverter followed by the cyclo- 
convertor. The high frequency inverter provides a pulse 
width modulated high frequency voltage through the 
high frequency transformer. After high frequency iso- 
lation, the cycloconvertor outputs a voltage whose fre- 
quency is the same as the commercial AC line frequency 
by appropriately converting the polarity of rectangular 
pulses. Even though the size of the UPS is small, the 
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Fig. 1 
convertor for isolation 

Power circuit of high frequency link UPS proceeded by DCIAC 

switching stresses of devices and the EM1 noises become 
severe as the switching frequency increases. There is also 
a possibility of saturation of the isolation transformer. 

Fig. 2 shows the case where the isolation is made in 
the series resonant convertor (SRC) followed by low fre- 
quency inverter. DC power is converted into a sinewave 
modulated high frequency waveform by controlling the 
phase difference between twin resonant circuits. The 
resultant AC waveform is then rectified by the high fre- 
quency diode bridge and filtered for suppression of the 
high frequency components. The resulting half sinusoidal 
waveform is inverted once every two half periods by a 
low frequency inverter. In this circuit, EM1 noise is 
decreased by using a resonant circuit and the possibility 
of saturation of the isolation transformer is eliminated. 
The power flow of this method is unidirectional and it 
still has the switching stresses in the resonant circuit 
because the switching does not occur at zero voltage or 
zero current instant. 

The SRC circuit is modified, as shown in Fig. 3, so 
that the output voltage of SRC can swing from the nega- 
tive value to the positive value by replacing the diodes in 
the output rectifier with the bidirectional switches. If the 
modified SRC, called a series resonant inverter (SRI) is 
operated at constant resonant frequency, then the switch- 
ing operations occur at zero current level. Even though 
the switching instants of the SRI are fixed at the current 
zero crossing points, it is possible to control the resonant 
tank energy by controlling the ratio of the powering 
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interval to the regenerating interval. The bidirectional 
switches (S1 and S2) are in synchronisation with the 
current zero crossing points, so the problems of switching 
stresses and EM1 noise can be solved. The basic oper- 
ation of SRI is explained and a guide line determining the 
reactive elements is given. The proposed control scheme 

Fig. 4, which are called the powering mode, the free res- 
onant mode and the regenerating mode. These modes are 
classified according to the direction of the power flow 
from the source side to the resonant tank side. As the SRI 
is bilateral, there are three additional switch modes if the 
load side is regarded as the power source. Because the 

Fig. 2 Power circuit of high frequency link UPS proceeded by resonant convertors for isolation 

Ihh 

Fig. 3 Power circuit of proposed series resonant inverter 

is verified through computer simulation and an experi- 
ment. 

2 Operation of SRI 

Fig. 3 shows the power circuit of SRI where it can be 
shown that only the rectifier diodes of SRC are replaced 
with the bidirectional switches (S1 and S2). The basic 
operation of the SRI is similar to the quantum series res- 
onant convertor of Reference 5, except for the ability of 
the bidirectional power flow of SRI. Even though the half 
bridge SRC can be used in Fig. 3, the full bridge SRC is 
adopted because it requires the low current stresses of 
elements in the primary side of the isolation transformer 
and it is more flexible to control the resonant tank energy 
(RTE). In Fig. 3, the switch on/off always occurs in syn- 
chronisation with the current zero crossing points. In 
that case, there are three useful switch modes as shown in 

operation seen from the load side is similar to that from 
the source side, only explanation from the source side is 
given. The description of each mode is as follows: 

2.1 Powering mode 
Switches Q1 and 44 or 4 2  and 4 3  are turned on and off 
alternately, and two bidirectional switches, S1 and S2, are 
turned on/off in synchronisation with the resonant 
current zero crossing points. The inverter voltage, K(t), 
and the resonant current, i,(t), are in phase as shown in 
Fig. 4a. During this mode, the source power is delivered 
to the L,, C, tank. The energy flow from the load side to 
the tank side may be positive or negative depending on 
the output capacitor voltage Vo(t) and the bidirectional 
switch condition. This mode is used to rapidly increase 
the tank energy. 

2.2 Free resonant mode 
Switches D2 and 44, and 4 2  and D4, or equivalent D1 
and 43,  and Q1 and D3 are turned on and off alterna- 
tely, and two bidirectional switches, S1 and S2, are 
turned on/off in synchronisation with the resonant 
current zero crossing points. In this mode, the inverter 
voltage F(t)  is zero. The sinusoidal resonant current is 
gradually decreased or increased depending on the 
output conditions as shown in Fig. 46. 

2.3 Regenerating mode 
When four switches, 41-44, are turned off, diodes D1 
and D4 or D2 and D3 are turned on and off alternately, 
and two bidirectional switches, S1 and S2, are turned 
on/off in synchronisation with the resonant current zero 
crossing points. During this mode, the inverter voltage 
K(t) and the resonant current are out of phase as shown 
in Fig. 4c. The tank energy is recovered to the source 
side. The energy flow from the load side to the tank side 
may be positive or negative depending on the output 
capacitor voltage and the bidirectional switch condition. 
This mode is used to rapidly decrease the tank energy. 
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If the resonant link current is positive (negative) when 
the switch S1 is turned on, the output capacitor voltage is 
increased (decreased) rapidly or gradually depending on 
the corresponding resonant mode. Similar results are 

0 

A 

I DI.D.4 I D2,D3 I D 1 . M  I D2.D3 1 
C 

Fig. 4 
a Powering mode 
b Free resonant mode 
c Regenerating mode 

Typical waveforms of tank circuit for three modes 

obtained when the switch S2 is turned on. Namely, the 
bidirectional switches S1 and S2 are operated as a cyclo- 
convertor, appropriately distributing the resonant link 
current to the output capacitor and the load. It can be 
shown that there are several methods to control the 
output voltage. Assume that the resonant link current is 
controlled to be constant irrespective of the load condi- 
tion and the output switching state. The output voltage 
of the SRI can be controlled by appropriately selecting 
one of two switches as shown in Fig. 5. If the output 

0 

b 
C 
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I case A I case B I case c I I 
Fig. 5 
a Polarity of the resonant link current 
b Output voltage command 
c Output voltage 
d Turn-on interval of S1 
e Turn-on interval of S2 

Output switching patterns for several cases 

voltage is greater than the reference voltage, one of two 
switches is turned on to decrease the output voltage, and 
vice versa. 

In case A, shown in Fig. 5,  the output voltage is cor- 
rected at every half resonant cycle, which is similar to the 
delta modulation of voltage source inverter. Even though 
the output voltage is well controlled in this case, the 
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switching frequency of the isolation transformer is much 
lower than the resonant frequency because the voltage 
across the transformer is determined by the output 
voltage and the switching condition of S1 and S2. Only 
one of two switches is successively connected to the 
output capacitor, which is undesirable in reducing the 
size of the isolation transformer. 

In case B, shown in Fig. 5, the output voltage is 
increased (decreased) during a half resonant interval and 
decreased (increased) during the next half resonant inter- 
val. If the increased quantity is greater (less) than the 
decreased one, then the resultant output voltage is 
increased (decreased). The output voltage is regulated by 
controlling the RTE during every half resonant interval. 
One of the two output switches is successively turned on 
during one resonant interval. In this case, the operating 
frequency of the transformer is one half of the resonant 
frequency. 

In case C, shown in Fig. 5, the output voltage is suc- 
cessively increased to follow the reference voltage with 
some error without changing its slope. Because the 
output switches are alternately turned on and off at every 
half resonant period, the switching frequency of the trans- 
former is the same as the resonant frequency. Similar 
results are obtained when the output voltage is suc- 
cessively decreased. If the resonant current changes its 
polarity at every half cycle, there are some problems 
when the slope of the output voltage is to be changed 
because there are no means to change it with the fixed 
output switching pattern. There are two possibilities to 
overcome such a problem. One of them is to allow the 
output switches to be turned on successively during one 
resonant interval only when the slope of the output 
voltage is to be changed. In this case if the effective link 
current iL(t)  which is supplied to the output capacitor and 
the load is well regulated, to follow the required current, 
this approach is reasonable. However, if the load variation 
occurs frequently and discontinuously, e.g. rectifier load, 
this method is not satisfactory in reducing the size of the 
isolation transformer. 

Another method is to change the polarity of the effec- 
tive link current iL(t)  as shown in Fig. 6 where the typical 

+t 

m powerlng tm regenerating 

Fig. 6 Typical waveforms withjixed output switching pattern 

waveforms are given with the fixed output switching 
pattern. If the polarity of iL(t) is to be changed, the reson- 
ant circuit is successively operated at the regenerating 
mode. Even though the turn-on signals are applied to the 
switches in parallel with the conducting diodes, the gated 
switches are not operated until the free wheeling diodes 
Dl-D4 are reversely biased. The gated switches are con- 
ducting when the diodes are reversely biased marked X in 
Fig. 6. The polarity of the effective link current is 
changed from positive to negative with the fixed output 
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switching pattern. This method is most desirable in 
reducing the size of the isolation transformer and has 
thus been adopted. 

From these considerations, the following results can be 
summarised : 

(a) The switching pattern of the output switches 
should be fixed to minimise the isolation transformer. 

(b) During a half resonant interval, transferred energy 
from the tank circuit (output capacitor) to the output 
capacitor (tank circuit) should be limited to minimise the 
output voltage ripple. 

(c )  As the output voltage ripple is dominantly depen- 
dent on the RTE for given reactive parameters (L , ,  C , ,  
CO), it is necessary to control the RTE according to the 
load condition. 

(d )  Because there is not enough time to determine the 
mode selection when the resonant current reaches zero, 
the proposed SRI requires an estimator to give the next 
switching states. 

The mathematical modelling of the SRI is given and 
control schemes are discussed. 

3 Modelling and output voltage control of SRI 

Fig. 7 shows the equivalent circuit of the SRI where M , ( t )  
and M 2 ( t )  represent the switching states of the resonant 

Fig. 7 Equivalent circuit during resonant operation 

tank side and the output switch (Sl, S 2 )  side, respectively, 
and can be defined as 

+ 1  V ( t ) =  +v, 
M , ( t )  = 0 &(t) = 0 i -1 &(t) = -v, 

+1 S1 is on 
-1 S 2  is on 

The following relationships can be obtained from Fig. 7 

di ( t )  
L, + = -v,(t) + Ml(t)K - nM,(t)v,(t) 

where n is turns-ratio of the isolation transformer. 
Because the mode selections or the switching instants 

of switches S1 and S 2  are only allowed when the reson- 
ant tank current crosses the zero point, the controls of 
the RTE and the output voltage can be obtained dis- 
cretely. These characteristics mean that the SRI can be 
controlled digitally and modelled by the difference equa- 
tions. Because the peak value of the tank capacitor 
voltage (inductor current) is related to the stored energy 
in the capacitor (inductor), and the tank capacitor 
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voltage (inductor current) changes sinusoidally during the 
resonant interval, it is desirable to solve eqns. 1, 2 and 3 
as functions of peak values of the tank variables. Let all 
peak variables be denoted by the index k and the capital 
letter during the kth half resonant period, as shown in 
Fig. 8. If the resonant frequency w, and the output capa- 
citor CO are sufficiently greater than the output frequency 
w, and the resonant capacitor C,  , respectively, then the 
output capacitor and the output load can be replaced by 
a constant voltage source and a constant current source, 
respectively, during a half resonant interval. In this case, 
the following results can be obtained from eqns. 1-3: 

t vo, k +1 vr, k + l  
vo, k , 

k t h  half resonant _, - ( k + l ) t h  ha'lf resonant 
T 

Fig. 8 

where, 6, = 2C,/Co, 6 ,  = n,f (L ,C, ) /C,  and 2, = 

Because the next switching state, M , , , . , ,  of the 
output switches S1 and S 2  is automatically deter- 
mined by the present switching state, M 2 ,  k ,  it is sufficient 
to know the next resonant tank mode, M l , k + l .  Eqn. 6 
means that it is possible to predict the next output 
voltage V 0 , k + ,  if the present states are known, i.e., peak 
capacitor voltage, K, k ,  output voltage, Vo, k ,  load 
current, I , ,  k ,  and switching states, M , ,  and M , ,  k . If the 
estimated output voltage, Vo, k +  1 ,  and the output voltage 
command, V:,k+, ,  are know? for the next staie, the 
expected error quantities (Eo,  k +  = V:, k +  , - V,, !+ ?) 
can be obtained before the next switching occurs. Simi- 
larly, the error quantities at t = q+, can be estimated for 
the possible states of M1. k +  as shown in Fig. 9. Because 

Definition of peak variables 

J(Lr/Cr). 

t Go.k+2,1 

$0 

Dt 
Tk Tk.1 Tk+2  

Fig. 9 

the state 8 , , k + 2  can be estimated during the interval 
from t = it is possible to determine the 
next optimum switching pattern for the minimum output 
voltage ripples. 

Predicted states of output voltage 

to t = 
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The resonant current is measured to obtain the zero 
crossing point, so, it is desirable to Bive the estimated 
output voltages ( V O , k + l  at t = &+,, V 0 , , + ,  at t = T,+, )  
as a function of link current which can be written by 
using eqns. 4-6 as 

A 

‘0, k +  1 ‘0, k + nh3 M 2 ,  k Zr ,  k - 6Z ZO, k 

+ A M 2  n63 I ,  k - 262 I O ,  k 

(7) 

(8) 

= ‘ O * , k + 2  - V 0 , k + 2  (9) 

A 

‘ O , k + 2  VO,k - M 2 ,  k +  1 AMlna l  

- A 

where, 63 = z r 6 1 ,  A M 1  = M l , k  - M I , , + ,  and A M 2  = 

M 2 ,  k - M 2 ,  k +  1. 
As eqns. 7 and 8 can be implemented by using an 

analogue adder, the sign changer and sample/holder 
(S/H), the required estimator can be easily obtained 
without using an analogue multiplier. 

Fig. 10 shows the control block diagram of the pro- 
posed SRI, where the measured quantities are the output 
voltage, Vo, k ,  the load current, Zo, k ,  the resonant induc- 
tor current, I r , k ,  and the DC source voltage, V,.  The 
oscillator of Fig. 10 is synchronised to the zero crossing 
points of the resonant link current. Its free running fre- 
quency is slightly lower than the two times that of the 
resonant frequency so that a stable clock pulse can be 
obtained when the resonant current does not change its 
polarity as marked X in Fig. 6. The oscillator free runs if 
the trigger signal is not sensed. The output voltage 
command, V,*,  is delayed by one resonant interval to 
easily obtain the next state command. 

During the interval from t = T to t,= T,+, as shown 
in Fig. 9, the estimated output voltage V , , , + ,  at t = T , + ,  
can be obtained using eqn. 8. The estimated error at t = 
T+2 can therefore be obtained for the given next reson- 
ant mode (MI, k +  l ) .  It is possible to determine the next 
resonant mode to minimise the output voltage error by 
comparing the estimated error quantities. The following 
procedure explains the aforementioned control concept : 

(a) Sample and hold Vo, k and Zo, k at t = T, 
(b) Obtain Z r ,  k by using a rectifier and a peak detector 
(c )  Determine the next switching state of the bidirec- 

tional switches, S1 and S2 

M 2 , k + 1  = - M 2 , k  

(d) Obtain the estimated errors at t = & + 2  for the pos- 
sible three cases by using eqns. 8 and 9 and the results of 

steps a-c 

& I  I E o . k + z I  when f i ; I , , k + i  = + 1  

&2 = I E O , k + Z I  

& 3 = I E 0 , k + 2 1  when M l , k + l = o  

when l i i l , k + l  = - 1  
A A 

Determine fil, k +  corresponding to the minimum esti- 
mated error 

(e) Check the possibility of the over current of the 
reactor, that is 

I ,  k 2 I r ,  max * k +  1 = k )  

I r ,  k > I ,  max * 1, k +  1 = M I ,  k + 1 
( f )  Apply the corresponding turn on signals as 

M l , k + l  = +1*Q1 and 4 4  

M l , k + l  = - 1  a 4 2  and 4 3  
M l , k + l  = O*Q1 and 4 3  or 4 2  and 4 4  

M 2 , k + 1  = +1*s1 
M 2 , k + l  = - 1  * S 2  

4 Simulation and experimental results 

Computer simulations were made for the rated power of 
1 kW and the rated output voltage of 100 V (RMS) with 
the DC input voltage of 1oOV. Because the resonant 
tank energy is controlled by the voltage difference 
between the inverter voltage E(t) and the output capa- 
citor voltage Vo(t), the resistance load becomes the worst 
case. That is, the forcing function of the resonant circuit 
becomes minimum when the load current is maximum. 
In this sense, resistance load is used in the simulation. 

Fig. 11 shows the simulation results for the output 
capacitor voltage and the load current waveforms when 
the load is changed from the light load to the full load. It 
shows that there is a very small transient interval and a 
very fast response is obtained. Fig. 12 shows the effective 
link current and the load current waveform for the load 
transient. Fig. 12 indicates that the variation of the load 
current is rapidly compensated by the resonant link 
current. Fig. 13 also shows that the isolation transformer 
is operated at the resonant frequency. 

Figs. 14 and 15 show the output voltage, load current 
and effective link current, under the rectifier load condi- 
tion, from which it can be shown that the distortion of 

Joad 
I 

Fig. 10 Control block diagram 
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the output voltage is very low. This result comes from the 
configuration of the SRI and the adoption of high fre- 
quency link concepts. In the conventional inverter, the 
output voltage distortion is inevitable because a series 
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Output voltage and load current during load change Fig. 11 
Change from R ,  = 100 R to R ,  = 10 R 
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Fig. 12 
Change from R ,  = 100 R to R ,  = 10 R 

Effective link current and load current during load change 

L , =  1 7 3 p H ; C , = 0 . 1 8 4 ~ F ; C , = 6 0 p F ; n = 0 . 5  
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Fig. 13 
Change from R ,  = 100 R to R ,  = 10 R 

Isolation transformer voltage during load change 

L , =  1 7 3 p H ; C , = 0 . 1 8 4 p F ; C , = 6 0 p F ; n = 0 . 5  

inductor is required in the output side for filtering [4]. 
The proposed SRI is operated in a similar manner to the 
current source inverter, and so only a parallel capacitor 
filter is adequate at the output side. 

Fig. 16 shows the effects on the output voltage wave- 
form when the turns-ratio of the isolation transformer is 
varied. If the turns-ratio n is increased, the difference 
voltage of the resonant tank circuit is decreased. This 
means that a minimum voltage difference across the tank 
circuit, which is dependent on the DC input voltage and 
the turns-ratio, is required to supply the required load 
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current. Fig. 16 shows that the output voltage is seriously 
distorted when the turns-ratio is greater than 0.5. 

Fig. 17 shows the total harmonic distortion (THD) 
factor for various output capacitance CO, characteristic 

0.016 0.02 0.024 0.028 0.032 0.036 0.04 0.044 0.048 
t ime 

Fig. 14 
L,=60pH; C , = I p F ;  C,=100pF; L = l m H ;  C=470pF;  R = l 0 0 R ;  

Output voltage and load current under rectifier load condition 

n = 0.5 

-801 
0.016 0.02 0.02.4 0.028 0.032 0.036 0.04 0.044 0.048 

t ime 

Fig. 15 
condition 
L, = 60 pH; C, = 1 gF; C ,  = 100 p F ;  L = 1 mH; C = 470 gF, R = 100; n = 0.5 

Effective link current and load current under rectijier load 

160r 

-120 -80i 
I"" 

Fig. 16 
is varied 

Effects on output voltages when the turn-ratio of transformer 

L, = 60pH; C ,  = 1 pF; C, = 100pF; R ,  = 10 

impedance Z ,  and the turns-ratio n. The THD decreases 
as the output capacitance and characteristic impedance 
increase. If the output capacitance increases, then the 
required reactive power also increases. Conduction loss 
increases under light load conditions. If the characteristic 
impedance increases, the voltage stress of the resonant 
capacitor increases. A compromise between the THD and 
the efficiency, or cost, is therefore required. Fig. 18 shows 
the frequency spectrum of the output voltage at the rated 
load condition and the switching frequency of 20 kHz. It 
shows that the harmonic components are greatly attenu- 
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ated. The most dominant harmonic is the resonant fre- 
quency component which is sufficiently lower than the 
fundamental component. In most applications, it is suffi- 

12 - 
IO - 

8 -  

0 ' -  

I- 

5 IO 15 20 0.25 0.50.75 10 

C O J F  Z r . R  n 

Fig. 17 
itance, characteristic impedance and turn ratio 

Total harmonic distortion factor for various output capac- 

0 -  

-20 - 

-LO - 
20 KHz 

several cycles. Fig. 22 shows the output voltage under 
rectifier load condition. It can be shown that the pro- 
posed inverter is well operated from these experimental 
and simulation results. 

Fig. 20 
load transient 
5 ms/div; 10 A/div; 20 A/div 

Oscillograms of load current and effective link current during 

I 
1 100 200 300 400 500 

I I ,I 

harmonic order 

Fig. 18 

cient to add only a very small low pass filter at the 
output side. 

Experimental results are given by Figs. 19-22. The 
switching frequency of this inverter is 28.2 kHz. Fig. 19 

Frequency spectrum of output voltage 

Fig. 21 Oscillograms of output voltage and load current during 
periodical load variation 
50 ms/div; 100 V/div; 10 A/div 

Fig. 19 
transient 
5 ms/div; 100 V/div; IO A/div 

Oscillograms of output voltage and load current during load 

shows the output voltage and the load current for the 
load transient case. It shows that there is a very small 
transient interval, and very fast response is obtained. Fig. 
20 shows the load current and the effective link current 
for the load transient case where it can be shown that the 
variation of the load current is rapidly compensated by 
the resonant link current. Fig. 21 shows the output 
voltage when the load condition is varied periodically for 
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Fig. 22 
load 
5 ms/div; 100 V/div; 5 A/div 

Oscillograms of output voltage and load current under rectifier 

5 Conclusions 

A new power conversion system using a high frequency 
resonant link is proposed for the purpose of realising a 
compact, low acoustic noise, low EM1 noise and high 
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performance UPS. A new control scheme to minimise the 
ouput voltage ripple is proposed and verified through 
computer simulation and experiment. The following con- 
clusions can be obtained from the discussion presented in 
this paper: 

(a) The proposed SRI is very simple and high efficient 
because of the zero current switching. The isolation 
transformer is minimised by the high frequency switch- 
ing. 

(b) Output voltage distortion is minimised by using the 
output voltage estimation control. The proposed control 
scheme is easily implemented by using an analogue 
circuit without using a high speed A/D convertor. 

(c) Because the proposed inverter has no series induc- 
tor in the output filter side, it has very low voltage distor- 
tion in the rectifier load. The parallel operation of the 
proposed SRIs is very easy because of the configuration 
of the power circuit. 

(d)  A simple and compact UPS system can be realised 
by using this convertor. 
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