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ABSTRACT 

A new high frequency link based converter which has good 
performance by operating it on the zero voltage switching mode is 
proposed. In the proposed converter, the reactive elements serve as 
waveshaping or snubbing function around the switching operation 
and they are minimally involved in the power transfer so that the 
VA ratings of the reactive elements and switching devices are 
reduced and the losses due to ESR (Effective Series Resistance) of 
reactive elements are decreased. Not only this converter operates 
well on four quadrants but also it could operate on almost unity 
p e r  factor. The control method of this converter is to regulate 
the phase voltages of output capacitors so that they operate like 
equivalent voltage sources. Detailed explanations will be given in 
this paper. 

I. INTRODUCTION 

In recent years high frequency link converters have received 
many attentions as alternatives to the dc-link converter connected to 
the fixed frequency power source for variable frequency drives. 
Low losses by zero voltage switching(ZVS) or zero current 
switching(ZCS) enables the high frequency link to be viable tech- 
nique. The high frequency link converter has well known advan- 
tages such as high performance, high power density and high effi- 
ciency. 

Since the resonant ac link converter impresses both polarities 
of ac voltage and current, it requires bidirectional switches realiz- 
able by anti-parallel connection of two unidirectional switches, 
which makes it uneconomical. The resonant dc-link converter 
which is realized by adding dc offset to the ac resonant link 
reduces the number of switches by one half and it is proved to be 
more practical in comparison with the resonant ac-link converter, 
however, it causes high device stresses due to dc offset. 

Generally resonant link circuits utilize either parallel resonant 
circuit or series resonant circuit. The parallel resonant link, espe- 
cially, the parallel resonant dc-link has been well established [3]. 

The series resonant dc-link converter corresponding to the dual of 
the parallel resonant dc-link converter is also proposed [I] .  

Although the series resonant converter has many merits, it has also 
serious problems such as efficiency reduction by damping circuit 
and high frequency parasitic oscillation between the filter capacitor 

and the load inductor, etc. To sdve these problems without sacrif- 
icing efficiency a new control technique is suggested IS], however, 
the control method is complex. Further, the VA ratings of reactive 
elements and switching devices are excessive to maintain the reso- 
nance for full cycle. If the resonant tank circuit is involved in the 
main power flow, the losses due to ESR of reactive elements 
become considerably large and the total efficiency generally 
decreases. 

In this paper a new converter with unidirectional switches is 
proposed to overcome the above-mentioned drawbacks of series 
resonant dc-link converter using unidirectional switches. The 
characteristics of the proposed converter is that the resonant ele- 
ments serve as waveshaping and snubbing function during the 
switching operation and they are minimally involved in the power 
transfer. Thus the VA ratings of reactive elements and switching 
devices are reduced and the losses due to ESR of resonant elements 
are decreased. The operation of the high frequency link of this 
converter is similar to the series resonant dc-link converter, how- 
ever, the device switchings occur not at zero current instants but at 
zero voltage instants. Elimination of switching losses by zero vol- 
tage switching allows switching frequency to be in ultrasonic rage. 
In addition the voltage stresses of switching devices are reduced not 
to exceed more than 10% of the maximum line-to-line voltage of 
the input by proper controls without using the voltage clamping cir- 
cuit. This converter operates well on full four quadrants with 
almost unity power factor. 
The control target of this converter is to regulate the phase vol- 
tages of output capacitors so that they operate like equivalent vol- 
tage sources. 

11. BASIC PRINCIPLES 

The proposed converter configuration is shown in Fig. 1 which 
consists of a rectifier, a high frequency link for zero voltage 
switching and an inverter for output frequency and voltage control. 
This converter has the output capacitors for supplying the sinusoidal 
output voltages. Two shunt capacitors C,, and C,, are required 
for zero voltage switchings of both rectifier and inverter sides. The 
rectifier output voltage is controlled to be among V,, -V, or 0,  
where V ,  represents the maximum line to line voltage of ac input 
neglecting the ripple component. 

Fig. 2 shows the equivalent circuit of the proposed converter 
for a single output phase. S, and S, represent the switches of the 
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Fig. 1 The proposed converter. 
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Fig. 2 Equivalent circuit 

rectifier and inverter, respectively. For simplicity the equivalent 
capacitor Ccq of output capacitors is assumed large, then the vol- 
tage variation is negligible during one cycle. 
Also the converter condition is assumed as 

where V,, represents the inverter side dc-link voltage reflected 
from output capacitor voltages by switching operations. 

Fig. 3(a) shows voltage and current waveforms and switch 
statuses of the equivalent circuit during powering operation 

Initial inductor current I, and the rectifier side shunt capacitor vol- 
tage V ,  are zeroes while the inverter side shunt capacitor Cs2 is 
charged to V ,  and both of switches S,  and SI are turned off. 
The voltage of capacitor C,, starts to oscillate in series with induc- 
tor L and capacitor Csl. When the zero voltage switching condi- 
tions are satisfied, S,  is switched to ’B’ and S, to ’E’ in sequence. 
The current of link inductor L is increased almost linearly by the 
voltage difference V ,  - V , w .  Turning off S,  and later switching 
to ’C‘ at zero voltage switching condition makes the inductor 
current I ,  decrease. When the inductor current is decreased to a 
predetermined value, the switch S, is turned off. Then the remain- 
ing energy trapped in the link inductor L is transferred to capacitor 
C,, and the inverter side capacitor voltage V ,  reaches it’s peak 
value when the inductor current is zero. The peak capacitor vol- 
tage can be controlled by the turn-off time of S,. When the 
inductor current is zero, the switch S ,  is turned off at zero voltage 
condition. 
Considering the energy conservation, the relation between the vol- 
tage and current of the link inductor and capacitor C,, can be 
given as 

v, > Iv,m I and ccq >>c,l=c,z, 

(V,W > 0). 
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Fig. 3 Voltage and current waveforms and switch statuses of 

(a) during powering operation. 
(b) during regenerative operation. 

the equivalent circuit. 

Thus V , ( t 7 )  is given by 

‘ 2 ( ‘ 7 )  =Jv (2) 

where t 6  represents the instant of turning off S, and t ,  is the zero 
crossing point of the inductor current. 
This equation shows that V , ( f 7 )  is determined by the magnitude of 
V 2 ( t 6 )  and I L ( t 6 ) .  Prior to turning off S , ,  the inductor current 
IL  ( t  ) is linearly decreased while keeping V 2 (  t ) almost constant, 
therefore V , ( t 7 )  can be controlled by the time of t 6  which is the 
turning off time of S I .  When the capacitor voltage V 2 (  t ) is sta- 
bilized to V ,  at t,, the inductor current, the capacitor voltages and 
the switch statuses are the same as those of the initial values in the 
steady state. 

The powering operation is illustrated so far, however, the 
operation types of this converter are divided into two: powering and 
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regenerative ones according to the direction of power flow. The 
power flow is forwarded from the input line to the output capacitor 
during the powering operation and reversed during the regenerative 
operation. 
Basically the regenerative operation is similar to the powering 
operation, however, VIM is negative on the contrary to the power- 
ing operation. 
Fig. 3(b) shows voltage and current waveforms and switch statuses 
during regenerative operation. During the regenerative operation 
the output capacitor voltage magnitude I V, I is decreased due to 
the reversal of the power flow. It can be seen that the voltages of 
shunt capacitor C,, and C,, are always limited to V, for both 
powering and regenerative operations. Thus the voltage stresses of 
the switches are ideally clamped to V, and all of switchings occur 
when the voltages across the switches are zero. 

111. OPERATIONS AND CHARACTERISTICS 

In the three phase configuration, rectifier, inductor link and 
inverter operate at high frequency by delivering power back and 
forth for every cycle independently. The inverter can operate to 
synthesize sinusoidal voltage at the output capacitors by impressing 
the high frequency link current cycle by cycle to the selected output 
capacitors. In this way the output capacitor voltage can be con- 
trolled to act like a variable frequency and variable voltage source. 

A. Powering operation 
Fig. 4 shows the current and voltage waveforms of the pro- 

posed converter when the converter operates on the powering mode. 
These waveforms are similar to those of the equivalent circuit of 
Fig. 3(a) except that V ,  and V, have peak values which are 
slightly higher than V, but are exaggerated for a convenience of 
explanation. The energy loss due to the stray resistance or ESR of 
reonant elements can cause mal-operation , however, it is avoided 
by controlling the peak value of V, and V, to be higher than V, 
by about O.lV, (i.e. V,,, =: l .lV,). By doing so allowable gat- 
ing signal interval is also extended for zero voltage switching. 

The powering operation consists of six modes as shown in 
Fig. 5 where the operations of the switches SO1 and SO2 are not 
shown because they are needed only for transition intervals between 
powering and regeneration. In the powering operation the rectifier 
switches are selected so that they conduct during the peak value of 
the line to line input voltage i.e. V,. On the other hand, the 
reflected voltage from the output capacitors to the link becomes 
positive when the inverter side switches are conducting. 

MODE1 : Initial inductor current and the voltage (V, )  of the 
shunt capacitor C,, are zero while the inverter side shunt capacitor 
C,, is charged to about l . lV,  and all of the switches are off. 
Capacitor voltage V, starts to oscillate in series with L and C, ,  so 
that the trapped energy of capacitor C,, is transferred to the induc- 
tor L and the capacitor Csl. Therefore V, increases and IL 
decreases below zero. After V,  reaches it's peak l . lV , ,  it starts to 
decrease. 

MODE2 : As soon as V,  reaches V,, the selected rectifier 
switch pair start to conduct under zero voltage switching condition. 
Subsequently V,  is clamped to V ,  and V, increases continuously 
until i t  reaches VIM . 

MODE3 : On reaching V, to VIM, this mode begins and the 
inverter side switches start to conduct. Since both the rectifier and 
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Fig. 4 Typical waveforms of the proposed converter during 
powering operation. 
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Fig. 5 Mode diagrams for powering operation. 

indicated in each mode) 
(Actual current flow and actual voltage polarities are 

the inverter switches conduct, V I  and V ,  are clamped to V, and 
V,w, respectively. Neglecting the slight increase of Vi,, during 
this interval, the applied voltage across the link inductor L becomes 
almost constant, therefore I ,  increases linearly until it reaches the 
predetermined peak current I p E A K .  

MODE 4 : When the inductor current becomes f p E A K ,  this 
mode begins by releasing the rectifier gating signal. Turning-off 
the rectifier switches occur under zero voltage switching condition. 

MODE 5 : During this mode, the current flows through the 
link inductor, selected output capacitors and one leg of rectifier 
switches (S13 and S16). Since Vim is applied to the inductor in 
reverse direction, the current decreases almost linearly. The inverter 
switches are turned-off when I, reaches to a certain value which 
determines the voltage peak after mode-6 together with the voltage 
V, at the moment. 

MODE 6 : By turning off the inverter switches, this mode 
starts. The main current path is changed from the output capacitors 
to the capacitor C,,. Vz oscillates toward V,,, (=: 1.1V, ) and 
I, toward zero. Finally V, reachs V,,, when I, becomes zero. 

After this mode, the capacitor voltage V I  and V ,  becomes 
zero and VpE,, respectively. In the steady state these conditions 
are the same as those of the beginning of mode-1. 

Fig. 6 Typical waveforms of the proposed converter during 
regenerative operation. 

B. Regenerative operation and the state transition 

As mentioned above, the powering and the regenerative opera- 
tions are classified according to the direction of the power flow 
between input line and output capacitors. In the regenerative opera- 
tion, the power flow is reversed from the output load to the input 
line. 
The operation of the regenerative mode is somewhat different from 
that of the powering mode. Fig. 6 shows the waveforms of the 
converter during the regenerative operation that consists of seven 
modes as shown in Fig. 7 (mode7-model3). Unlike the powering 
operation the rectifier switches are selected in such a manner that 
the rectifier output voltage becomes the minimum line-to-line vol- 
tage and the reflected voltage Vim is negative by selecting the 
inverter switches. 

To control the voltage and the frequency of the output side 
capacitors, it is very important to change the operation mode 
between powering and regenerative ones fast enough. 
Fig. 8 shows the diagram for state transitions. Powering and 
regenerative mode change is very simple in this converter. By 
turning-on the switch SO1 at the end of mode-6, mode-8 follows. 
As a result, the state transition occurs from the powering state to 
the regenerative state. In the similar manner, the state transition 
from the regenerative state (mode-13) to the powering state 
(mode-2) occurs by turning on SO2 at the end of mode-13. 

IV. ANALYSES 

The output capacitor C,  is assumed to be large to be replaced 
by a voltage source Vi,, during one switching cycle. Fig. 9 shows 
the simplified equivalent circuits of the proposed converter and it's 
power flow. The inductor current and the capacitor voltages in 
each mode during the powering operation are described as follows: 

1246 



+ 
(a) Mode-7 

+ 

-I-- 
(b) Mode-8 

L 

+ 
(e) Mode-11 

- 
(f) Mode-12 

Fig. 7 Mode diagrams for regenerative state. 
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Simplified equivalent circuits. 
(a) Powering state. 
(b) Regenerative state. 
(Voltage sources indicate actual voltage polarities) 



MODE1: ( I ,  < I < t2  ) 
The initial states of mode-1 are assumed as follows: 
V , ( t l - ) = ~ V S ,  V2(t l - )=0,  and I, ( r l  ) = 0  
where a= 1.1. 
In this interval, the inductor current and the capacitor v d -  
tages are given by 

v t -  
I , ( t )  = - sin&", (I - t l )  

a z o  

V , ( t )  = v,(t,-)+- v ( t l - )  (COSJZ WO ( t  - r , ) - l )  
2c szo  0 0  

v2 (t 1-1 

2% zo "0 

V , ( t )  = - (1-cos& O 0 ( t  - t , ) )  

where 2, = E a n d  oo = -. 1 

ms 
This mode ends when IL ( t  ) > 0, and V,( t ) = V s .  

MODE2: ( t 2 < r  < r 3 )  
By turning on thk rectifier switches, V , ( t )  is clamped to 
Vs. Thus 

I , ( t )  = ~ 0 2 s i n o o ( t - t z ) + ~ L ( t 2 ~ ) c o s w o ( t - ~ 2 )  

V , ( r )  = vs 

V 2 ( ' )  = V2(r2-)+-(--Io2Coswo(t - f 2 )  

cs "0  

1 

Io 2 
+I,(t2-)sinoo ( t - t 2 ) ) + -  

cs "0 

MODE3: ( t , < t  < r 4 )  
Neglecting the voltage variation of the output capacitor, the 
equations are given by 

1 
L 

IL ( f )  = -('S - f 3 ) + 1 L  cr3- 

v, ( t  1 = vs 

V,(r)  = v,, 
MODE4: ( r 4 < r  < t 5 )  

During this interval, the inductor current variation becomes 
negligible. Thus 

I, ( t )  = I ,  ct4- 1 

V,(r) = v,. 
MODES: ( t , < t  < t 6 )  

The three values are given by 

1 

L 
I, ( t  ) = - - VIM ( t  - t 5 )  + I L  ( t ,  ) 

V , ( t )  = 0 

V , ( t )  = VINV. 

The inductor current decreases linearly until it satisfies the 
following condition. 

1 1 1 

2 2 2 
- L I;( t ) + -cs v; ( t  ) < - cs ((I vs ) Z .  

MODE6: ( t 6  < t ) 
The trapped energy in L is transferred to inverter side shunt 

capacitor and we obtain 

I ,  ( t )  = ~ 0 6 s i n w o ( t - t ' S ) + I ( ~ ~ ~ ) ~ o s o o t  

V , ( t )  = 0 

- VIW 

Z O  

where I , ,  = -. 

The voltage stresses for the reactive elements and the switches 
are determined by the inductor current and inverter side shunt capa- 
citor voltage at the end of mode-5 by transferring the trapped 
energy in the inductor to the shunt capacitor. Thus the voltage 
stresses can be manageable by a proper control of the duration of 
mode-5. 

Powering operation consists of six modes while regenerative 
operation consists of seven modes for one switching cycle. During 
the powering operation (regenerative operation) the intervals T2,  T4 
and T6 (T8, Tlo,  T,, and T13)  are negligible and one switching 
cycle can be approximately calculated as 

TP 

TR 

where Tp ani 

=: T ,  + T ,  + T ,  

=: T,+T,+T12 

'PEAK 'PEAK ==a+-+- 
VINV vs 

T, represent one switching cycle interv2. of powering 
operation, respectively. 
From the above equations it can be seen that the interval of one 
switching cycle is a function of I p E M ,  V ,  and V s .  

V. VOLTAGE CONTROL METHOD 

To control the phase voltages of output side independently to 
the load condition it is necessary to deliver or extract the power in 
each individual high frequence cycle. As shown in the previous 
sections, the proposed converter can freely transfer the power to 
either direction and the state transition between the powering and 
the regenerative operations can be easily accomplished by turning- 
on the switch SO1 or SO2 properly. 

The output voltage control rule is given in sequence as follow. 
Firstly errors between the reference voltages and the capacitor vol- 
tages of three phase must be calculated respectively and then the 
positive and the negative maximum error phase are determined. In 
this case the positive maximum error phase is the phase whose 
error, E = Vrcf -Vc, ,  is maximum among the three phases, and 

similarly the negative maximum error phase is the phase whose E is 
maximum with negative polarity. Regardless of powering or regen- 
eration the main current on the high frequency link is always p i -  
tive. Consequently, turning on the upper switch of an inverter leg 
causes the phase voltage to increase, on the other hand, turning on 
the lower switch of leg causes the phase voltage to decrease. It 
can be seen that if the upper switch of the positive maximum error 
phase and the lower switch of the negative maximum error phase 
are selected to conduct, errors of both phases can be compensated 

Fig. 10 shows a schematic block diagram for voltage control. 
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%ref 3 Control logic :: 
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vc - 
Fig. 10 Schematic diagram of voltage control method. 
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Fig. 11 Typical waveforms of voltages and currents in steady-state. 
(30Hz) 

(a) Reference voltage and actual voltage waveforms. 
(b) Output current waveforms. 
(c) Voltage waveforms of VI. 
(d) Voltage waveforms of V,. 

simultaneously. Accordingly the maximum error phase is compen- 
sated on every switching cycle so that the output voltages of the 
output capacitor follow the reference voltages. 

However, it should be noted that the selection of the inverter 
switches is done by observing the errors, therefore, the reflected 
voltage from the output capacitor to the link is arbitrary. Consid- 
ering that the operation of powering and regenerative operation are 
different each other, it is necessary to predetermine the next state in 
advance. As shown in Fig. 9 the next state is determined at the 
end of mode-6 during the powering state and it is determined at 
the end of mode-13 during the regenerative state. 

VI. SIMULATION RESULTS 

The waveforms obtained from digital simulations are shown in 
the following. The simulations have been done under the following 
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conditions; L = IOOpH, C, = 0 . 1 9 ,  C, = 3 0 9 ,  and R-L 400 
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Fig. 12 Typical waveforms of voltages and currents in steady-state. 
(60Hz) 

(a) Reference voltage and actual voltage waveforms. 
(b) Output current waveforms. 
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Fig. 13 Output voltage waveforms for the change of output 
voltage reference from 15O[V] to 3OO[V]. 

load. 

Fig. 11 and Fig. 12 show typical waveforms of voltages and 
currents under the steady-state operation in 30Hz and 60Hz, respec- 
tively. It is shown that the output voltages are near sinusoidal and 
two shunt capacitor voltages are clamped, otherwise they might 
results in voltage stresses to the reactive elements and the switches. 
The transient response is shown in Fig. 13 for abrupt change of 
reference voltages from 150V to 300V. The simulation results 
show that the output voltage is well regulated not only in the steady 
state but also in the transient. 

VII. CONCLUSION 

In this paper a new high frequency link converter is proposed. 
This new converter consists of only unidirectional switches and has 
merits of resonant dc-link converter such as high performance, high 
power density, and high efficiency, moreover, it overcomes the 
demerits of series resonant dc-link converter. 

Especially the VA ratings of the reactive elements and device 
stresses are considerably reduced by minimizing the con~bution of 
the reactive elements to the power transfer. Not only this converter 
operates well on four quadrants but also it could operate on almost 
unity power factor. 
The operations and analyses of the new converter are described and 
the simulation results are also shown. 
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