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The Modified DC-Link(MDCL) converter generat- 
ing sinusoidal output voltage solved the drawbacks of 
recently developed soft switching converters such as 
high voltage stresses of devices a d o r  many device 
comts[l]. H o w e r ,  it also has problems such as the 
high peak device current and a wide variation of 
switching cycle interval. 

In this paper newly improved soft switching 
adddac converter based on high frequency link is pre 
posed to solve these problems. By introducing a 
current freewheding circuit, it separates the main 
poser flow from the resonating circuit during commu- 
tation interval. As a result, the peak current is lim- 
ited to around link current and switching *le interval 
is controllable. Furthermore, the VA ratings of the 
devices is considerably reduced. Therefore, this con- 
verter combines the desired features of the MDCL 
converter with its improvements. 

I. INTRODUCTION 

A number of converter topologies have been 
investigated to achieve soft switching in high pomr 
converter where soft switching enables the converter to 
operate at higher switching frequency by reducing the 
switching losses[l]-[9]. Soft switching circuit topole 
gies can be classified into tw; remnant link schemes 
attaining soft switching condition by the resonant 
action of the link and resonant pole schemes attaimng 
it by the operation of each pole. These converter 
topologies have many advantages such as high perfor- 
mance, high power density and high efficiency etc. 

The resonant dc-link and active clamped resonant 
dc-link inverter have been well established and knom 
to be sUCCeSSfUl ones[2][3], h o w e r ,  the inverter 
switching should be synchronized to resonating link for 
mevoltage switching. A higher switching frequency 
is required to obtain the same performance as a 
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Fig. 1 (a) Modified DC-Link converter 
(b) Link current waveform of MDCL converter 

conventicmal PWM inverter because of discrete pulse 
modulation. Several literatures have been reported to 
realize true pulse width modulation capability in the 
resonant link canvertex. Since these collverters emjdoy 
resonant circuit to the link, it has imposed a penalty 
with respect to device voltage stress. 
The shortcomings of soft switching converters to date 
are such that resonant link schemes typically impose 
large voltage stresses on switching devices and 
resonant pole schemes either impose twice current rat- 
ing or require twice device count cumpared to the hard 
switched inverter. 

The Modified DC-Link(MDCL) converter as 
shown in Fig. 1 was proposed at which the voltage 
stresses of switching devices did not exceed more than 
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Fig. 2 Proposed converter configuration 

10% of the maximum lineto-line source voltage and 
only two additional switches were needed to realize 
adWac convertMl]. Unfortunately, the peak current 
of link inductor in MDCL converter reaches several 
times average link current so that the current ratings 
of switching devices are increased and every switching 
cycle interval widely vanes according to the inverter 
input side voltage. 

In this paper a new converter with current 
freewheeling circuits is proposed to solve the 
aforementioned drawbacks of MDCL converter. The 
introduction of a current freewheeling circuit makes it 
possible to separate the main power flow from the 
resonating circuit during commutation interval. As a 
result, the device current is limited to around the aver- 
age link current and the switching cycle interval is 
controllable. Therefore, this converter combines the 
desired features of the MDCL converter with its 
improvements. 

11. DESCRIPl'ION OF PROPOSED CONVERTER 

The proposed converter configuration is shown in 
Fig. 2 which consists of a front-end converter, modi- 
fied dc-link including current freewheeling circuit, 
inverter and output filter capacitors. The front-end 
converter is controlled for its output voltage to be 
among Vs, -Vs and zero where Vs represents the 
maximum lineto-line source voltage neglecting the 
ripple. Tm shunt capacitors of the modified dc-link 
provide zero voltage switching conditions for the 
front-end converter and the inverter, respectively. The 
switch S, commutated at mo-current condition pro- 
vides the freewheeling path of the link current during 
the commutation interval. By doing so, the commuta- 
tion operation is separated from the main power flow. 
Inverter full bridge composed of six switches impresses 
the link current cycle by cycle to the proper output 
filter capacitor so that the output voltage follows the 
sinusoidal reference value. 
For the simplicity of explanation it is assumed that 
1) output filter capacitor CO is much larger than CR 
to be approximated by a voltage source during com- 
mutation interval (CO >> CR = CR ) , 
2) inductor LF is much larger than LR to be approxi- 
mated by a current source ( L ,  >> LR ), 

3) the switching time of the switches is zero, 
4) the voltage drop across the conducting devices is 
negligible. 

111. OPERATION AND ANALYSES 

The operation modes of this converter are directly 
dependent on the polarity of the reflected voltage from 
the filter capacitor to the link during the conduction 
period of selected inverter switches and it is divided 
into powering and regenerative ones. Since the main 
current on the link flows from the input side to the 
output side, the power flow is determined by the link 
voltage. The input side link voltage vcl(r) and the 
output side link voltage vc2(t) are zero and/or positive 
during powering operation and they are zero and/or 
negative during regenerative one. Therefore the direc- 
tion of power flow is positive(negative) during 
powering(regenerative) operation. 

Fig. 3 shows the eight modes of powering bpera- 
tion. Assume that the current of inductor LF is I F @ )  
and fremheels through S, and capacitor c R 2  is 
charged to aVs ( a l l )  while the current of inductor 
LR and capacitor voltage vcl(r) are zero. And all 
switches except S, are turned-off. 

1) Mode P1 : Since the inductor current Z is 
freewheeling through S,, the capacitor vokge 
vc2(r) starts to resonate in series with S,, LR and, 
CRl. After vCl(t) reaches its peak aVs, it starts to 
decrease. In this interval the inductor currents and the 
capacitor voltages are given by 

(1.4) 
where z,= i x ,  o,=1/$-; and 
VC2('0) = Q vs . 
This mode en& when vcl(t) is decreased to be Vs. 

2) Mode P2 : When vcl(t) reaches Vs the 
selected switch pair of the front-end converter are 
turned-on under the zerevoltage switching condition. 
During this interval 

(2.1) 
i L f ( O = Z & )  (2 -2) 
VClW = vs (2.3) 

iLr (t ) =I2 s h o r t  + iLr (t cos or t 

+ vs (2.4) 
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(a) Mode-P1 

(b) Mode-P2 

(c) Mode-P3 

Pl 

(d) Mode-P4 

(f) Mode-P6 

(g) Mode-P7 

Fig. 3 Mode dipram of powering operation 

3) Mode P3 : On reaching vc2(t) to V I ,  the 
invertex switches start to conduct. iLr( t )  is increased 
while i,,(t) freewheels through S,. Neglecting the 
voltage variation of the output capacitor in this inter- 
val, the equations are given by 

1 
iL , ( t )= - (Vs  -VI)' +iLr ( t2 )  (3.1) 

'Lf (t ) = 1, ( 3 4  
VCl(t) = vs (3.3) 
v& = VI * (3.4) 

LR 

4) Mode P4 : When iLr(r )  becomes I,@), S, is 
turned off at zer~current switching conduction. The 
link current is almost linearly increased. Thus 

(e) Mode-PS 

I 7  

m 

(h) Mode-PS 

VCl(t) = vs (4.2) 
VC20) =VI * (4.3) 

When the link current reaches the wanted value, 
Z,(k) + AI, this mode ends by turning-off the front- 
end converter switches. 

5 )  Mode P5 : The capacitor CR is almost linearly 
discharged. Since this interval is short enought to 
neglect the inductor current variation. During this 
interval 

iL , ( t )  = i L r ( t )  z Z , ( k )  + AI, (5.1) 
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Fig. 4 Typical voltrge a d  current waveforms during 
p o d n g  operrSion 

(a) Mode-R 1 

Pl 

(b) Mode-= 

(c) Mode-R3 

(d) Mode-R4 

v& = VI * (5.3) 
6) Mode P6 : One leg of the front-end converter 

conducts when vcl(r) becomes zero. During this mode 
the link current is decreased. 

iLr(t) = i L f ( r )  = I F  ( k )  + AIF 
1 

VI (6.1) 

v&=O (6.2) 
vc2(t) = VI (6.3) 

-- 
LR + L F  

This mode ends when iLr ( r  ) is decreased to the wanted 
value IF (k +1) that is the freewkding current during 
next commutation interval. 

7) Mode P7 : Switch S, is gated on so that the 
link current freewheels through it, The current iLr( t )  
decays abruptly since VI is applied to L R .  The equa- 
tions are given by 

1 
iLr(r)  = I F ( k  + 1 )  - -VI r (7.1) 

LR 

(e) Mode-RS 

(f) Mode-R6 

rl 

(g) Mode-R7 

rl 

(h) Mode-RI 

Fig. 5 Mode d i q p "  of regenerative operation 
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This mode ends when iLr( t )  is decreased to be IcoM 
which is defined as : 

where Z, = i-. 
8) Mode P8 : Inductor current iLf(t) continues to 

freewheel and the trapped energy to inctuctOr LR is 
transferred to the inverter side shunt capacitor by r e s  
nance : 

iLr (r  ) = I  sino, t + iLr ( t , )  cos or t (8.1) 

i L f ( t )  = I F ( k  + 1 )  (8.2) 
V& = O  (8.3) 

where 
-VI 

Z r  
I s = - .  

when iLr( t )  becomes zero at t = t g ,  voltage vc2(t) 
reaches its peak value. From the energy conservation 
and equation (7.4) and (7.9,  the peak value is given 
bY 

vC2(f 8 )  = vC2(f + ( L R  ''R ) iLr (l7l2 

= avs. (8.5) 

Fig. 6 Typical voltage and current waveforms during 
regenedive operation 

All states are the same as those of the beginning of 
Mode P1, therefore, one switching cycle is completed. 

Fig. 4 shows the current and voltage wavefom 
of the proposed converter operating on the powering 
modes. The regenerative operation is similar to the 
powering operation and consists of eight modes as 
shown in Fig. 5. The typical current and voltage 
waveforms during regenerative operation is shown in 
Fig. 6. However unlike the powering operation the 
reflected voltage V[ is negative and the front-end cok 
verter switches are selected in such a manner that the 
output voltage of the front-end converter becomes the 
minimum linetc4ine source voltage. 

IV. CONTROL Sl'RATEGY AND 
CHARACTERISIlCS 

Basically this converter operates to generate 
sinusoidal output voltage idqendently to the load 
condition. Since the main current flow on the link is 
always positive direction from the front-end converter 
side to the inverter side, turning-on the upper switch of 
an inverter leg causes the corresponding phase voltage 
to increase, on the other hand turning-on the 1- 
switch of a leg causes the phase voltage to decrease. 
By gating-on the proper switches of inverter bridge, 
the maximum error phase of which error between the 
reference voltage and the actual phase voltage is the 
largest among three phases is compensated every 
switching cycle. Fig. 7 shows the diagram for mode 
transition between powering modes and regenerative 
modes. In this converter transition between powering 
operation and regenerative operation is easily at"- 
plished by turning on SO1 or SO2. consequently it is 
possible to conduct any inverter switch pair in each 
switching cycle and to supply current to the selected 
output terminal so that the voltage of output capaci- 
tors can be controlled to follow the sinusoidal refer- 

For the powering operation the link current i L f ( t )  
freewheels during cm"mtation interval ( A t l ,  At2, 
At3, At,, and At8 ) and the capacitor charging inter- 
val (At5) is short enough to neglect the current varia- 
tion during this interval, therefore, the link current is 
actually changed during At,, and At6 as shown in Fig. 
8. The link current is given by 

ences. 

Turn-on 
so1 

t 1 Turn-on 7 1 
so2 

Powering 
modes 

Regenerative 
modes 

Fig. 7 Mode transition diagram 

35 



(9) 

where I F ( k )  and I F ( k  + 1 )  are the link current of 
k'th and (k+l)'th switching cycle during freewhee4ing 
o p t i o n .  

From the equation (9) it can be seen that the link 
current is controlled by the duration of Ar4 and At6. 
For the regenerative operation the link current can be 
similarly regulated. 

Most of high frequency topologies based on 
resonant link concept achieve zero-voltage switching by 
taking the inverter input voltage to zero prior to turn- 
off or turn-on of the switches. However, this con- 
verter accomplishes it by turning-on or turning-off the 
bridge switches when the voltage of shunt capacitor 
becomes the reflected voltage to the link. To assure 
zero-voltage switching condition in all cases, the vol- 
tage swing of shunt capacitor exceeds maximum source 
voltage(Vs). By rewriting the equation (8.5) 

it is noted that the voltage peak of shunt capacitor 
can be. controlled by iLr(t7), since vC2(r,) is not con- 
trollable during commutation interval. Fig. 10 show 
the normalized current iLr ,N required for the peak 
voltage aVs as a function of the normalized link vd- 
tage v c 2 , N  at time t7 where ( Vs / Z r )  and Vs are the 
normalization factor for the current and voltage. 
Considering the Series resistance(Rs) of the link dur- 
ing Mode P1, the voltage equation of vCl ( t )  is 
expressed as follows: 

v C 2 ( r 8 ) =  {vC2('7)2+(LR liLr(?7I2 (8'5) 

L 

or = 1 / iE2. 
(13) 

RS p=- 
Z R  

From the equation (10) the peak value of vcl(r)  can 
be approximated as follow: 

-ft- a =  1.20 - a s 1 . 1 5  - a =  1.10 

0 0.2 0.4 0.6 0.8 1 

"C2 ,N 
Fig. 9 Normalized link current iLr,N vs. n o r d i d  

voltage vC-,~ at time t7 for severai a 

1.3 
Q -  

1.2 - 

1.1 - 

l , , , , , ,  , , , I  I , ,  I 1  

0 1 .o 2.0 3.0 
RS 

Fig. 10 Optimum a satisfying zero-voltage condition 
for non-zero link dstance 

' C l  ,peak = e -(%)1(2Z,) aVS (14) 
Therefore, the condition for zero-voltage switching is 
given by 

Since large a accompanies the augment of device vol- 
tage stress, minimum a is desired unless it violates the 
zero-voltage switching condition. Fig. 11 shows the 
optimum a satisfying the condition for zero-voltage 
switching. 

- (%) / (2Z , )  a21.  (15) 

V. SIMULATION RESULTS 

The proposed converter is simulated to verify the 
operation. The current and voltage waveforms of the 
link operating at about 30kHz are shown in Fig. 12. 
The parameters used for simulations are as follows: 

LR = 30 
L ,=  1mH 
CR = 30 nF 
CO = 30 p F .  
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Fig. 11 Voltage and current waveforms of the link 
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Fig. 12 Simulation results for 30Hz 
(a) output line-line voltage 
(b) load current 
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Fig. 13 simulation results for 60Hz 
(a) output line-line voltage 
(b) l o d  current 
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The voltage stresses of the reactive elements and the [7] Y. Murai and T. A. L i p ,  ''High frequency series 
switches are determined by the voltage across ~SW resonant &-link powx conversion", IEEE IAS 
shunt capacitom The simulation results show that the Rec., pp.  772-779, 1988. 
voltage stresses on all of the devices are almost equal [8] Jibs- h i  and B. K. Bose, "An improved 
to sour~e voltage and the peak current stresses are resonant dc link inverter for induction motor 
limited to average link current. Fig. 13 and Fig. 14 drives", IEEE IAS Rec., pp.  627-634, 1987. 

[9] Jih-Sheng Lai and B. K. Bose, ''High fresuenCY show simulated waveforms of voltages and currents 
uruler steadystate operations at the frequency of 3OHz quasi-rmmnt dc voltage notching inverter for ac 
and 6OHz, respectively. It can be seen that the output motor drives", IEEE IAS Rec., pp.  1203-1217, 

1990. 
voltage is -1 regulated. 

VI. CONCLUSIONS 

In this paper a new converter is proposed, which 
synthesizs sinusoidal voltage at the output terminals. 
All of the switchings OCCUT at soft switching condition: 
inverter bridge switches under m v o l t a g e  condition 
and the freewheeaing switch under m c u r r e n t  condi- 
tion so that high fmpency operation is possible due to 
the reduction of switching losses. The freewheeling 
switch provides the freewheeling path of the link 
current during the commutation interval, which 
separates the main powx flow from the resonating cir- 
cuit for m v o l t a g e  switching condition. Therefore 
the voltage stresses can be controlled to be almost 
i n p t  source voltage, slightly increased for a > 1 and 
the curtent peak on the link is limited to a r d  
average link current. Conseqmtly the VA ratings of 
the elements which are extensively large to be serious 
in resonant link schemes are considerablely reduced in 
this converter. Not only this converter operates well 
on four quadrant but also it could operate on almost 
unity powx factor. 
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