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Abstract 

In this paper, a new series resonant inverter which can be 
constructed simply using natural commutation switches is proposed. 
The proposed inverter can be operated on full four quadrant uith 
almost unity power factor. It is also shown that the proposed 
inverter does not require damping circuit or special control loop for 
stabilization and solved the inherent problem in series resonant 
inverter such as oscillation. Simulation results also show that the 
output current is well regulated to the command value without sca- 
rificing the advantages. 

Introduction 

Generally, typical schemes of resonant converters(or inverter) 
can be classified into series resonant and parallel resonant schemes 
and the utility of both schemes are well documented in many 
references[ 1]-[5]. The ac resonant circuit, however, impresses both 
polarities of ac voltage and current on the link and thus the 
switches should be bidirectional. These switches are usually real- 
ized by two inverse-parallel transistor or thyristors for the parallel 
or series resonant circuit. 

The dc-link circuits of Fig.1 realize pulsating dc currents in 
the link by adding dc offset to the ac resonant current[6]. This 
series resonant dc-link scheme can be implemented with simple con- 
figuration having unidirectional switches. In this case, switching 
action of the converters occurs at the zero crossing instants of the 
link current. Since the link current is unidirectional, usual six 
thyristors are needed per converter bridge. 

On the other hand, because the filter capacitance C is 
required at the output side for the resonant converter in this series 
resonant dc-link scheme, a high frequency parasitic oscillation is 
inevitable in the inverter output. This oscillation is caused by 
interactions between the filter capacitance C and the load induc- 
tance L including the series resonant dc-link L o ,  Co. Even if the 
system is accurately controlled, the parasitic oscillation remains 
almost independent of the load current[6]. 

Stabilization is, however, accomplished by derivative feedback 
as shown in Fig, 2. The stability of the system is improved com- 
paring with the case of no derivative feedback but it still has a 
parasitic oscillation. In order to reduce further or absorb the high 
frequency component caused by the current pulses, the damper cir- 
cuit shown in Fig. 3 is found to be effective. Although the parasi- 
tic oscillation is reduced by the feedback damping circuit, the sys- 
tem has shortcomings such as noise problem due to the derivative 
feedback, increased complexity of the power circuitgtc. One of the 
demerits is that the system efficiency is reduced due to the damping 
circuit. 

In this paper, a new method is suggested to eliminate the 
oscillation problem without using the derivative feedback and the 
damping circuit. The proposed scheme can be constructed with the 
unidirectional and natural commutation switches having a simple 
small size inductor on the dc link side instead of resonant link. 
The switchings of the converters occur at the zero crossing instants 
of the link current like the series resonant dc-link scheme. Tllis 
scheme is operable well on full four-quadrants and controllable to 
have almost unity power factor since the converter only operats on 
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Fig. 1 The series resonant dc-link scheme 

Fig. 2 Derivative feedback loop for stabilization of Fig. 1 
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Fig. 3 Damper circuit for absorbing the high frequency 
current pulses in Fig. 1. 

one of three modes composed of rectifying, regenerating and 
freewheeling modes. The advantages of the proposed scheme are 
shown through analyses and simulation results. 

Descriptions of The Proposed Inverter 

The power circuit of the proposed scheme can be realized with 
unidirectional and natural commutation switches as shown in Fig.4. 
The power circuit looks the same as that of the conventional 
current source inverter(not resonant) having the output side capaci- 
tor filter[7]. The proposed scheme, however, is very different from 
the conventional CSI in the sense of the parameter size and opera- 
tions. The proposed scheme is unique in the operation characteris- 
tics. 

The current regulation method in this scheme is similar to the 
conventional current regulated pulse-width modulation(CRPWM). 
In the CRPWM, the source voltage which is switched according to 
the hysteresis current control rule is applied to the stator of the 
induction motor. The source voltage in the conventional CRPWM 
corresponds to the command voltage in the new proposed scheme. 
According to this command voltage, the stator voltage is regulated 
through the inverter switching, which is illustrated in the next sec- 
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Fig. 4 New partial scrics rcsonant invertcr for thrce phase load. 

1 J  
Fig. 5 Single phasc configration of the proposed schcme 

tions. On the other hand, the resonant inductance L,, and the 
capacitances C, forms the series resonant circuit, however, this cir- 
cuit is partially resonant rather than fully resonant in the view point 
of the capacitance C,. The purpose of resonance is used for the 
switch commutations and the capacitor voltage swings near the full 
rectifying voltage while the inductance current resonants from zero 
to full current for every half cycle. Therefore, the converter 
operates in almost unity powerfactor. 

Operation Principle for The Single Phase Configuration 

Before describing the three phase inverter, a single phase 
inverter is illustrated due to its simplicity to show the proposed idea 
clearly. Fig. 5 shows the proposed inverter which is implemented 
with the thyristors. The power circuit looks the same to the con- 
ventional CSI with output filter in appearance, however, its opera- 
tion principle is completely different and the inductance and capaci- 
tance sizes are very small compared with those of the conventional 
CSI. The uniqueness of this scheme is shown through the mode 
analyses. 

I) Powering Mode 
It is assumed that the load side capacitor have been initially 

charged with initial voltage V z  or Vci  and its value is determined 
bY 

V d  = V,- AV for i, > 0 

V,; = V,+ AV for i, < 0 (1) 
where V, is the maximum rectified voltage of the converter side 
and AV is initially chosen arbitrary with any value. 

Powering mode(mode I) starts with thyristors T, and T, 
turned on while the source side converter operate on its maximum 
value. The resonant link current i flowing through Ldr and T, 
due to the difference of V,, and V$ begins to charge the resonant 
capacitorc,. In this mode, the simplified equivalent circuit is 
shown in Fig. 6-(a) and the resonant link current id , ,  the capacitor 
voltage vc and the capacitor current i, are shown in Fig. 6-(c), 
respectively, in the steady state. 

The resonant inductor current, the capacitor voltage and the 
capacitor current in this mode are given by ; 

AV 
i d r ( t )  = - s in (od t )  + i , ( l -cos(wdr) )  

vcr ( t )  = V, - AVcos(odt) - Z d i , s i n ( o d t )  

(2) 

(3) 
' d  

i,,(r) = idr - i, (4) 

"I 

1 T2 * 
(L) 

Fig. 6 Simplificd cquivalent circuit and waveforms : 
(a)Powing mode, (b)Dixharging mode, (c)voltagC 
and currcnt waveforms. 

Fig. I 

where AV = 

VC t - 
- -  

IC 

--_-----LA 
T2 

(b) 

Equivalent circuit and waveforms in regencrating 
mode, (a)simplificd cqtivalcnt circuit, (b)capacitor 
voltage and capacitor current waveforms. 

After a finite period of time T,, the powering mode is ter- 
minated when the resonance inductor current id, reaches zero. The 
interval TI is determined both by the resonant circuit parameters 
and by the load current. The interval length can be roughly 
estimated by 

.R 

"d 
T , E - - .  ( 5 )  

11) Dischargindcharging mode 
At the end of mode I, the switches are turned-off due to zero 

current in the switches, and the current loop only remains as shown 
Fig-6 (b). In this mode, the capacitor is almost linearly discharged 
because the load inductance are much larger than that of the 
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Fig. 8 (a)Equivalent circuit and waveforms in statc 
changing mode, (b)inductor current and capacitor 
voltage wavcforms. 

resonant inductance L,, and the load current is almost kept con- 
stant during this short interval. This mode continues until the 
capacitor voltage vc reachs around the initial voltage Vco of mode 
I. Then the length T, is almost determined by the load condition 
and approximately expressed by 

111) Regenerative Mode 

If it is afain assumed that the resonant capacitor initially 
charged with V, or V c i ,  its value is also given by 

for is> 0 V L  = -V, - AV 

V c .  = -V, + AV for i s<  0 . (7) 

From this condition, the simplified equivalent circuit can be 
drawn as Fig. 7-(a) when the thyristors TI and T, turned on. The 
waveforms of the inductor current, capacitor voltage and capacitor 
current are shown in Fig. 7-(b). Assuming that the load current is 
almost kept constant and the converter is operated on fully regen- 
erating mode (or firing angle a = 180°), then the inductor current 
and the capacitor voltage are analytically expressed as: 

AV 
idr ( r )  = - siri(o,r) + i , ( l -cos(o , t ) )  . (8) 

v c r ( t )  = -V,- A V c o s ( o d t )  - Zdi,sin(odt) (9) 

At the end of the mode, the circuit operates on the dissipative 

' d  

mode (mode 11) similar to the end of the mode I. 

It') State Changing Mode 

When the powering mode is switched to the regenerative 
mode, or vice versa, the capacitor voltage must be reversed to its 
opposite polarity. This action can be obtained by operating the 
converter on the free reversing state as shown in Fig. 8. Fig. 8-(b) 
shows resonant link inductor current and capacitor voltage, respec- 
tively, in this mode and these current and voltage waveforms are 
expressed as: 

vco 
id r ( r )  = - s i r i ( o , t )  + i , ( l-cos(o,r))  (10) 

vC(r)  = -Vc,cos(odt)  - Zdi ,s in(odt )  . (11) 
' d  

r- I) I 

L b - 3  

fb\ 

Fig. 9 Current rcgulation scheme : (a)the conventional CRPWM 
method, (b)tllc proposcd current regulation mcrhod. 

Comparison of Constant AV and 
Constant Pulse Density Operation 

The method in the previous illustrations is again classfied with 
two method. One method which constantly control the AV propery 
turned on the thyristors whenever the capacitor voltage become the 
V:+AV. In this case, the peak current of resonant-link inductance 
is not depend on load condition, and so maintained with almost 
constant. On the other hand, the costant pulse density operation is 
periodically turn-on the thyristors. The AV and the peak current of 
resonant-link inductance are propertional to the load current. 

Two methods can be used for current regulation, however, the 
constant pulse density method is more profitable because the con- 
stant AV method require the capacitor voltage sensing, and then, 
the control logic is more complexible. In the constant AV opera- 
tion, the ratio of the peak current of link inductance and average 
load current are very large in small load current range. However, 
the constant pulse density method not require the capacitor voltage 
sensing and the peak current of link inductance is automatically 
controlled according to the load condition. Becase of these reasons, 
the constant puse density operation have more advantages for the, 
load current regulation. 

Current Regulation Method 

The current regulation method used in this series resonant 
inverter is very similar to the conventional CRF'WM method except 
that the system can be constructed with thyristors and be operatable 
on regenerating mode. In the process of current regulation, Fig. 9 
shows the similarity and the difference between the conventional 
C W W M  and the proposed current regulation method. 

Fig. 10-(a) and (b) show the current command i:, actual 
current is and the command voltage v,*. In the proposed system, 
the voltage regulation process is added to the current regulation 
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because the natural commutation switches are used instcad of the 
forced commutation switches different from the conventional 
CRPWM. The process how the output voltage is regulated accord- 
ing to the command value, and the process how the output current 
is regulated can be easily understandable by examing the Table 1 
and Fig. 10 (c)-(e). In ncgative load current condition, however, 
the switching condition and the operation mode are slightly different 
comparing with the positive load current condition. Fig.11 shows 
the process of the current regulation and the operation modes and 
the switching conditions arc also shown as table 1 when the load 
current is negative. 

Three Phase Configuralion of The Proposed Method 

Three phase configuration of the proposed mcthod as shown 
in Fig. 4 can also be operated with natural commutation switches. 
The operating principle of the three phase typc is very similar to 
the single phase type as described previously. However, the three 
phase inverter is more complicated comparing with the single phase 
one because each phase is dcpcndent on the other phases. 

The control rule in this inverter is to faithfully follow up the 
conventional CRPWM method as possible. The voltage command 
is obtained from the current error as the conventional CRPWM. 
In the proposed method, however, the converter output voltage also 
be controlled depending on the inverter output current direction 
because the inverter and converter switches are unidirectional. In 
more detail, if the polarities of the current and its error are the 
same, the converter output voltage is controlled refering to the 
maximum phase current, but if the polarities are oppsitc, it is con- 
trolled refering to the minimum (or absolute maximum in negative 
polarity) phase current so that the current direction is satisfied since 
the switches are unidirectional. 

error bound 
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.................................................................................................... 
v,, 1- \\> ................ 

-+ 
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Fig. 10 Control algoritlun of current regulation 
in positive load current. 

In this system, the control rule is given in sequence as follows. 
Firstly, the most significant phase(MSP) whose polarity of the 
current error is different from the two other phases must be deter- 
mined. The MSP can be logically obtained by 

MSP,, = S, S 
B € c  B Cc 

MSPB = S ,  C S ‘A + rC C s ‘A 

MSP, = S ,  A S C E  + SCASzB 

+ 7, s 
(12) 

- -  

where SCa is the sign of the error between the command and the 
actual vafue in A-phase current. 

Next significant phase is obtained according to the direction 
of MSP and the remaining phase current, in other words, the phase 
which is opposit to a direction of MSP current is determined as the 
next significant phase (NSP). If A-phase is MSP, NSP is also log- 
ically determined as 

NSPB = Si Si 

NSP, = S. Si 
A B  

‘A  C 

where S. is the sign of the A-phase current and the notation 
’W, means the exclusive-OR operation. By doing so, two phases 
can be determinded with NSP in accordance with the current state. 
Two NSP’s(or one NSP and the remaining phase) form parallel 
connection of the capacitor voltages. The MSP-leg is connected to 
the positive side of the link when the polarity of the MSP current 
is positive whereas NSP-leg is contected to the negative side. 
When the MSP current is negative, however, it is connected 
reversely as  shown in the above illustration. On other hand, the 
converter output voltage is logically determined by 

‘A 

Vd, = v, 
vd, = -v, 

: in same polarity of MSP current and itscrror (14) 

: in opposite polarity of MSP current and its 
error . 

In conclusion, the mode selection for all states of the currents 
The struc- 

The 
and their errors are shown in the table of Appendix A. 
ture can be classified into four types as shown in Fig. 12. 
analysis of the structures are presented in Appendix B. 

,. ..................... \”k 

v: -q i;m 2 

P A ”  T 

hlOllE -! : ! : !  : :  : :  : :  : :  ! :  : :  - 
11 I 11 I 11 I N 111 11 ni II 111 11 111 11 111 i t  N 11 I 11 I II I 

Fig. 11 Control algorithm of current regulation 
in negative load current. 
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(b) S. 2 

$3 
+ v  . 

(d) S . 4 

Fig. 12 Three phase switching structures. 

Operation Modes 

The operation of the three phase configuration also has four 
modes : powering mode, dischargingkharging mode, regenerating 
mode and balancing mode. The MSP in the three phase type is 
matched to the single phase type and the mode selection is fully 
determined by the condition of MSP. The mode selection strateges 
corresponding to each condition are shown in appendix A. 

i) MODE I : Powering mode 
If the MSP is determined to C-phase and the NSPs are deter- 

minded to both A and B-phases, the simplified equivalent circuit on 
powering mode (MODE I) opration, is shown in Fig. 13. In Fig. 
13-(b), V* is a command voltage for current regulation. This fig- 
ure illus&ates that the difference of V, is equalized 
around the command voltage V i .  The d c h k  inductor current id, 
is shown in Fig. 13-(c). In this mode, the points P, and P2 at 
voltage and current waveforms, respectively, show the boundary of 
the different resonant frequency because of the difference of 
resonant capacitances C, and C + C,, respectively. In other 
words, turning-on of one thyristor (Tj) is delayed to the other@, in 
this case). 

and V 
'1 

I I 

(C) 

Fig. 13 An illustration of powring mode operation 
under the conditions of e, XI. eb >(I and es <o 
for i, >U, ib <U, i, <O and i, >ib. 
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ii) MODE I1 : Discharginglcharging mode 
At the end of mode I, thc discharging mode (Mode 11) which 

is isolated from the inverter input link starts and the capacitors are 
simply charged or dischargrd by the load current. This process 
continues until1 the powering mode restarts. In other words, Vc is 
discharged to V,, - AV as shown in Fig. 13. 

iii) MODE 111 : Regenerating mode 
The regerating mode(M0DE 111) is formed under the condi- 

tion that the polarities between the current and the current error in 
MSP are not equal. The operation of the regenerating mode is 
very similar to the powering mode except that the capacitor voltage 
and V,, are reversed each other. 

iv) MODE IV : Balancing mode 
When the NSP's are fortunately determined to hvephases, in 

other words the polarities of NSP's currents are same, the voltages 
of two NSP's parallel capacitors in powering or regenerating mode 
are naturally balanced. Note that they are unbalanced in dissipa- 
tive mode when the current polarities of two phase except on MSP's 
are opposite and then NSP is only one. In other words, the vlotage 
balancing of the parallel capacitors dose not occur in nature. For 
an example, when E, > 06, > 0 and E, < 0 in current error and 
ia > 0, i < 0, i, < 0, the MSP is C-phase and the current polar- 
ities A-pkase and B-phase are opposite. In this case, the NSP is 
A-phase and C, is discharged in mode I1 whereas the C, is 
charged. Thereforeif the balancing mode have no in mode 11, the 
capacitor voltage of Bphase is contineously increased. 

The balansing operation is performed through difference of 
two capacitor voltage except on MSP's reversing by freewheeling as 
shown in Fig. 14. At the end of the balancing mode, the two 
parallel capacitor voltages are exchanged each other such as show 
in Fig. 14-(c). And then, the difference of two capacitor voltages 
can always be bounded to some value less then 2 A V .  

v) MODE V : State changing mode 
When the sign of the capacitor voltages have opposite to the 

sign of the command value, the capacitor voltages mst be reversed 
by freewheeling action through the converter and resonant-link 
inductance like single phase operation. Therefore, the capacitor 
voltage be matained to the wanted value for current regulation. 

06 

Simulation Results 

Simulation is performed for three phase case when the param- 
eter value are L,  = 4.1 mH, R, = 0.56 n, C, = 1.0 @, 
L,, = 50 pH, od = 2 r 2 2 p O O  rudlsec. Fig.15 shows the simu- 
labon results when the induction motor operates on motoring region 

1 
vd= T 

UooEk I IN- V +  Il+ I t  11- V +  II-+ I .( 

Fig. 14 Powering and balansing mode operations under the condition 
of E ,  > O ,  E,>O and E,<O when i, >0, i,<O, and i, CO. 



at 6OH,. In this case, the error baundary of the current hysteresis 
control is fixed to +0 .5A.  Fig.15-(a) shows that the stator current 
is well regulated within the given error baundary while the stator 
voltage V, (or two capacitor voltage difference) swings between 
V, - AV and V, + AV as shown in Fig. 15-(c). The capacitor 
voltage V, and the inductor current idr are also shown in Fig.15- 
(b) and (dr. Fig.16 are the waveforms showing that the induction 
motor operates on the regenerating region as the same condition 
shown in Fig.15. The performance of the regenerative operation is 
thought to be good enough like motoring operation. 

Fig. 17 shows a transient response for abrupt command 
change from 5 A to 10 A .  In this case, the current response is 
quick and well regulated to the command value. Fig. 18 shows 
that current is also regulated well even when the frequency com- 
mand is quickly changed. The simulation results show that the 
current regulation of the proposed scheme is good enough not only 
in the steady state but also in transient. This scheme also shows 
that the parasitic oscillation does not occur without using even the 
damping circuits and the stabilized control loops. 

ob 

Conclusion 

A new partial series resonant inverter having a simple confi- 
guration is proposed. It is shown that the proposed inverter can be 
implemented with all natural commutation switches. It is also 
shown that the inherent problem such 2s paracitic oscillation can be 
eliminated without using damping circuits or special control loops 
for stabilization. The proposed inverter can operate on the regen- 
erating mode as well as on the powering mode with always unity 
power factor. Several features are shown through the simulation 
results. One demerit is the complexity of the control circuit, how- 
ever, the proposed inverter could be excellently chosen for drive 
applications because of its numerous merits. 
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Fig. 18 Current waveforms when the frequency of the current 
command is abruptly changed between 30 H z  and 60 Hz 
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Fig. 16 Waveforms of (a)ii,  (b)vca, (c)vCa-vcb and (d)idr 
in regenerative region. 
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Appendix A 

Table A-1 Most significant phases(MSP). 

Table A-2 Control of source side converter output voltage V d c .  

+ + 

Table A-3 Thyristors in conduction and corresponding strutures 
for every state. 

Appendix B 

B. Analysis for three phase load 

B- 1. Derivative equalions 

B-2. Solution of the equations in B-1 

A V  1 
idr = -xiu (CO,/ I ) + - 1, (1 -cos wd r ) 

Vci = V ,  (0) + - AVx ( l - c o s o d f )  + - Zdisls inwdr + io i /C ,  

Vcy = V c y ( 0 )  + - A V y ( l - c o s w d r )  + -Z,,i,pinw,r + io r /C ,  

VCz = V, (0) + - A V z ( l - c o s w d f )  + - Zdi,+inwdr + io r/C, 

zd  2 
1 1 

2 4 1 

1 1 
2 4 2 

1 1 

2 4 3 

Table El Changing variables in the equations of appendix B. 

v > v,  
e, 8 

Vc. - vc, 

i,, , -id, . 0 

IRi, , 1/21. . - i ,  

i, -- , 
I, . I ,  , U 

AV , -AV . O  

-. . 

I,, . 0 . 4,. id, . - W i d ,  , -1Ri,  

u . u . 0  1/21, . -in . 112i, 

i, - i, . j , 2is 

I ,  , U I ,  I, , i, I i, 

AV , U , -AV 2/3AV , - IAAV , -113AV 

vc, ' "c, 

v -  c, . "c, 

1,. 10 ,.",. 
In;, . I, , l/Zi, 

i, - i, 

I, I U I ,  

AV . O  , -AV 

vc. - vc. 

vc. - vc, 

IIZi,, ~ 1/21,, , -i,, 

U P . 0  

-25 

8 ,  . 1, . i, . .  

113AV , 113AV , -U3AV 

i,, , -i,, 10 

1/2i, , 1/2i, , -i, 

i, - i, 
I, . I ,  . U 

AV , -AV , O  
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