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Abstract-This paper presents a Parallel-Resonant DC 
Link (PRDCL) circuit for soft switching main power devices 
with a single auxiliary power device for low conduction loss in 
single or three-phase inverter and converter applications. The 
proposed resonant network with one auxiliary power device is 
activated whenever it is needed to change the status of power 
devices connected to a DC link. The proposed resonant network 
is designed to force the DC link voltage to drop to zero before 
any power devices in the DC link are turned on. The auxiliary 
switch in the proposed resonant network is also turned on in a 
Zero-Voltage-Switching (ZVS) condition. Therefore, the 
switching losses caused in all power devices in a full-bridge 
converter and resonant circuit can be eifectively eliminated. In 
addition, there is no conduction loss in the auxiliary power 
device because the resonant circuit is not activated if there is no 
status change in the power devices connected in the DC link. 
Furthermore, the resonant swing voltage in the DC link is well 
restricted within a predefined voltage level so that the required 
voltage rating of all power devices in the DC link is nicely 
constrained. The detailed modes of operation and experimental 
results are provided to verify the operation. 

I .  INTRODUCTION 

There is a growing interest in using a resonant DC link 
(RDCL) inverter for soft-switching technique to eliminate 
the switching losses caused in all power devices across a DC 
link. The basic concept of RDCL inverter is that a resonant 
tank or circuit in a DC link is used to make the DC link 
voltage zero and keep it  at zero for a short switching 
transition time whenever power devices across the DC link 
need to have their status changed. 

A simple method of a resonant DC link inverter based on 
this basic concept is to use a free resonant circuit i n  the DC 
link by using passive components, L and C [3-51. However, 
the major problem with an RDCL inverter is the high voltage 
stress on the power devices because the voltage. swing by 
natural resonance can be two or three times higher than the 
supplied DC voltage, V,. 

To clamp this resonant voltage swing, an actively clamped 
resonant DC link (ACRDCL) inverter [1-2] was proposed. 
Since only one power device is used, the ACRDCL inverter 
is interesting to many high efficiency power conversions. 
Based on an ACRDCL inverter, the trials are being 
conducted Pulse-Width-Modulation (PWM). Specifically 
the Synchronized Kesonant DC Link (SRDCL) inverter [6] 
makes it possible to realize the continuous variation of the 
resonant output pulse width by controlling the turn ON time 

of S7 in Fig. 2 16). However, a resonant current must flow S7 
to extend output pulse width as shown in Fig. 2 [6]. This is 
not desirable for a high efficiency PWM operation. 

Another method for a PWM operation based on an 
ACRDCL inverter i:: to change the switch status to provide a 
current path to the three-phase output at [7]. The DC link 
voltage waveform does not change the basic operation of 
conventional ACRIICL inverter, but the three-phase output 
voltage waveform can be Pulse-Width-Modulated. 

However, the peak DC link voltage of an ACRDCL 
inverter is larger than Vdc and increase greatly when the 
resonant inductor current abruptly decreases as shown in the 
experimental result:; in Fig. 6 (191 and Fig. 3(a) [20]. To 
clamp this DC link voltage, the two types of Source Voltage 
Clamped Resonant Link (SVCRL) inverters employ just one 
power device as proposed in [IY-201. By using SVCRL 
inverters, the PWM or Pulse-Density-Modulation (PDM) is 
implemented as described in the paper. 

There are other approaches soft switching the power 
devices in the DC link [8-9]. The proposed methods are 
useful for making a commutation of power devices by every 
one resonant cycle. Therefore, i t  is very useful in a SCR 
inverter to eliminate a commutation circuit in each SCR leg. 
A sort of PDM technique [81 is proposed based on 
controlling the number of each resonant pulse depending on 
load current. Nevertheless, it is difficult to have a high 
resolution PWMed output. To have a high resolution of 
PWM output, a rest time control method of resonant cycle 
[IO] is proposed. However, the method needs three power 
devices in a resonant DC l ink stage. 

To make a resoniince in DC link, a Transformer-assisted 
Quasi-Resonant DC Link (TQRDCL) inverter is proposed in 
[10-14]. The DC link voltage is well clamped by properly 
designing the inductor size of Lr, and L,*. However, it needs 
at least three power devices to make a resonance in the DC 
link [IO-1 I].  A method for eliminating four power devices 
based on a TQRDCL inverter by using three-phase double 
full bridge inverter:; is proposed in [131. The four power 
devices in each three-phase full bridge converters are used 
for making a resonance in DC link as well as input and output 
conversion. 

An improved vzrsion of TQRDCL is proposed by 
employing just two power devices in [14]. The proposed 
method does not require any voltage or current sensing 
devices to ensure monant  operation and is capable of PWM 
operation. New RDCL inverters without an assisting 
transformer are proposed in [15-161. However. the numbers 
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of two or three power devices are still required. It is not 
desirable in light of system cost. 

To clamp the DC link voltage, a resonant DC link dual! 
converter with a voltage clamp circuit is proposed [17]. The 
DC link voltage is freely resonated, but the DC link voltage 
around a peak is clamped by controlling the turn on or off 
time of the clamping switch. Although the clamp circuit part 
is the same as the proposed PRDCL inverter, the purpose of 
the clamp circuit is to clamp the DC link voltage only. The C, 
and C, consist of a resonant component with Lr. The 
clamping switch is controlled to make the clamping capacitor 
voltage Vcc at T3 equal to Vcc at T4. Hence, i t  is needed to 
sense the C, voltage. Furthermore, since the resonance 
depends on the passive component sizes with the load current, 
there is no way to make a PWM feature. The resonance is 
always fixed. To he a ZVS for power devices converter and 
inverter parts, sensing the DC link voltage is essential. 

Other simple RDCL inverters that use only one power 
device are proposed in (18-201. Nevertheless, the auxiliary 
power device is placed into a power current flowing line. 
Hence, there are always conduction losses in resonant mode 
as well as simple conduction mode. 

To reduce conduction loss in a resonant DC link inverter, 
the auxiliary power device of the resonant network should 
not he placed into the power flowing line. This paper 
proposes a new parallel resonant DC link (PRDCL) circuit, 
which does not use an auxiliary power device in the power 
flowing line. Whenever it is necessary to turn off the main 
devices in  the inverter leg, the PRDCL network with an 
auxiliary power device intervenes to make the DC line a zero 
voltage condition. 

I I I I 

Fig. I Proposed resonant DC Link inverter. 

Fig. 2 Simplified equivalent circuit of proposed PRDCL inverter. 

m 
(a) Initial statlls 0: (+so) (b) Initial statu I: ( f 4  

T 

(g) Mode 3: ( f r  <fc 11) (h) Mode 4 (15 Sf< fa) 

Fig. 3 Detailed operating modes of proposed RDCL invener 

2. PROPOSED PRDCL INVERTER 

The proposed main PRDCL inverter is shown in Fig. 1 and 
can he considered as an equivalent circuit as shown in Fig. 2. 
The power devices in a full-bridge inverter and converter can 
he replaced by an equivalent switch Q,. This implies that the 
short circuit state can he obtained by closing both the power 
devices of one or more positive and negative inverter or 
converter legs. The three input inductors, La? Lb, and L,, with 
the input source voltage, vac, can he replaced by a rectified 
DC voltage source, V,, with one inductor, Li, as shown in Fig. 
2. The resonant capacitor, C,, includes the drain to source 
output capacitors of all inverter and converter power devices. 

Assume that Q, and Qx are ideal switches and there is no 
core saturation in resonant inductor. At ( r  < to) there are two 
initial conditions, Status 0 and Status I ,  depending on a 
existing PWM time slot of T7 as shown in Figs. 3(a), (b), and 
4. Assume that the PRDCL inverter is operated from the 
initial status 0 as shown in Fig. 3(a) and Qr is turned off. 

If the switching period is defined as T =  f ,  - ro, and the turn 
on time of Q, is defined as Q,oN=T4= td - r j ,  then the C, and 
C, voltages can be considered as constant voltage sources. 
With these conditions, the DC link voltage v& < to) =V,, 
V,, =V,, and iLr@ < ro) = 0. The load current flows from 
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source to load side directly. Since there is no intervention by 
the resonant circuit consisting of Qn D, L, C, C,, and C,, 
there are no power losses caused by the resonant circuit. The 
resonant frequency off = I / [Zd(L ,C , ) ]  is very fast, so the 
V,, and Vcz across voltages of C, and Cz can be considered as 
constant voltage sources in resonant mode. The operation 
can be divided into five modes of operation, based on the 
switching time of the power device and resonant cycle. 

A. Defuiled Modes of Operation: 

Mode 0 ( f u  _Cf a,): This mode starts when resonant switch 
Q, is turned on at I = tu as shown in Fig. 4. The inductor 
current, ih(r), is now increased as ( I )  and flows through C,, 
er, and L, as shown in Fig. 3(c). Since V,, can be a constant 
voltage source during Tt = I ,  -tu, then the resonant inductor 
current is linearly increased. If Q, is conducting, the DC link 
voltage can be written as the following: 

(2) 

vti,('o - ' I)=V,,+Vr2. ( 3 )  

I, =ih( t , )= - ( t ,  Vd - to ) ,  

L, 

This mode is finished when Q, is turned off at f = f,. 

Mode 1 ( r15 t  <r,): If Q, is turned off at f = f , .  a resonant 
cycle is now initiated by L, and C,. The DC link voltage, 
vdc(r), or v&) is decreased with a resonant fashion. This 
resonant time, T,, can be calculated with the initial inductor 
current value of i d f , )  = /, as: 

v,(O= v,(0=(Vr, +Vc,)cosq(f-f , )  1 (4) 

T, f i  - f, = E m ,  ( 5 )  2 

where 4 = Zd(L,C,) is a resonant frequency. If yo(') 
becomes zero, v&) = V,, + V,. The inductor current is still 
in the positive direction. This mode is finished when the DC 
link voltage v& drops to zero at t = t, as shown in Fig. 3(d). 

Mode 2 ( f 2  _C f ad): Since the inductor current is still 
positive, the anti-parallel diode, D,, will he conducted as 
shown in Fig. 3(e). Note that Q, should be turned on with the 
zero-voltage-switching (ZVS) condition when D, is 
conducted by the positive resonant inductor current. 
Otherwise, the resonant inductor will begin to recharge C, 
and Qr will not be able to be switched under a ZVS condition. 
As shown in Fig. 3(0, if Q, is already turned on during (lZ S f  
aj), the inductor current i d f )  becomes negative polarity and 
decreases linearly by the voltage, Vc2 as shown in Fig. 3(0. 
This mode is finished if is turned off at f = f 4 .  The Q, 
current can be written as 

Rg. 4 Key operating waveforms of pmpased PRDCL inverter. 

Mode 3 ( r4  5 f '35): Since the current polarity, i&) is 
negative and Qx is already turned off, the DC link voltage, 
v~.dt). is now increased due to the resonance between L, and 
C,. as shown in Fig. :3(g). If v d t )  reaches (Vc, + V,) at f = r2, 
this mode is finished. 

v,(r )= (V<, +Vc,)sinq(f -fa). 

Mode 4 ( f s  Sf <t6): This mode starts with the turned-off 
condition of both ( j r  and Q,. The extra resonant inductor 
current flows through L,, D,, and C, as shown in Fig. 3(h). If 
Q, i s  turned on after iL(t) is decreased to zero at f = fa. there 
will be a time slot of T7 as shown in Fig. 5 and Status 0 in Fig. 
3(a). Otherwise if 4L is turned on while idf) flows into D, 
then a new switching cycle is started from Status 1 as shown 
in Fig. 3(b). 
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(b) 
Fig. 5 PSpice simulation results. (a) shows initial sfatus 0 if there is a 

discontinuous inductor current with T = 10.0 [us] and (b) shows no 
initial status 0 with T =  4.0 [us]. 

B. Simulation and Experimental Results. 

The PSpice simulation is carried out with the parameters 

[us], Q,,oN = 2 [us], and the output capacitance of C,, = 
150[pF] for MOSFET IRF840B from Fairchild 
Semiconductor. If the switching cycle T =  lO[us], then there 
is the initial status 0 as shown in Figs. 3(a) and 5(a). If T4.0 
[us], then the inductor current is continuous and there is no 
initial status 0 as shown in Fig. 3(a). As can be seen in Fig. 
5(a), Q, is turned on after the DC link voltage vd&) becomes 
zero. From the simulation results, the Q, switch is switched 
on with a quasi-ZVS switching condition. It means that Q, is 
turned on when the drain to source voltage of Q, still exists as 
V,, as shown in Fig. 5(a). However, the voltage of V,, is very 
small, here Vel= 20V, compared with V,= 15O[V]. Hence, 
the switching losses caused by the quasi-ZVS condition are 
very small. To have a complete ZVS for both Q, and Qr, the 
inductor current must be continuous. 

The practical experiments are carried out using FMS7401, 
a dedicated microcontroller for a power control application, 
developed by Fairchild Semiconductor. The main block 

0 fLp20  [uH], C I =  Cz= 1.0 [uW, V k =  150 [U, Q , O N  = 0.3 

consists of I [Kbytes] EEPROM with six channel AID 
converters including an internal oscillator. It can control 
8-bit resolution PWM output with 250[KHz] switching 
frequency. 

For a fast output transient response of the power system, 
the inner current-control-loop can he implemented by using 
internal analog comparator with current sensing OP amplifier. 
There is current sensing amplifier having a gain of 16 
provided a digital leading edge blanking circuit. An outer 
voltage control loop can be realized by using an adjustable 
voltage reference in software digitally. 

a - -  - _ _ _ _ _ _ _ _ _ _  +p-F__y _ _ _ _ _ _ _ _ _  ~ 

I 

High and low side gate drives are used for driving 
N-channel MOSFETs such as FQAFl3N50 from Fairchild 
Semiconductor, which has a typical output capacitance of 
Cos>= 245 [PU. Hence, resonance cycle time Tz based on the 
parameters in Tahlel can be calculated by using (5 )  as T,= 
0.1 1 [us]. First, Q, is turned on during TI = t ,  - to and then 
turned off. Then, mode I is initiated as shown in Fig. 3(d) for 
Tz. After T2. the DC link voltage becomes zero. Hence, the Qx 
can be switched on with ZVS condition. 

Fig. 7(a) shows that Q, is turned on while the vQ, voltage is 
not completely at a zero condition. This is a quasi-resonant 
mode if there is an initial status 0 as described in Fig. 3(a). 
Nevertheless, the switching losses would be almost zero 
because the inductor current starts from zero with a slope. 
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(d) i,.:[lNdiv.l, v~,:[I(MV/div.l, O.S[uddiv.] 

Fig. 7 Experimental results of proposed PRDCL inverter, 

Fig. 7(b) shows that the drain voltage of Qr, va is zero 
before turning on gate signal is applied to QI. Hence Qx is 
switched on without switching losses. As can be expected 
from the calculation of resonant time in (3, the experiment 
result of T2 time can be identified by the time from high level 
to ground of vB in Fig. 7(b). It is about O.l[us] and well 
matched with the calculation value of 0. I I [us] .  

From Fig.7 (a), the obtained C,  and Cz voltage levels, V,, 
and V,, can he calculated as 2O[V], 15O[Vdc], respectively. 
It can he also found in Fig. 7(a). 

The Qx and Q, timing relation are shown i n  Figs. 7(c) and 
7(d). As can he seen, the Q,,o,,=l.5[us], =0.3[us], and 
the dead-time between Qx and Q, is about O.Z[us]. The Figs. 

7(e) shows a discontinuous inductor current with the initial 
status 0. Fig. 7(t) shows experimental results of gate signals 
Q, and Q, with their drain voltages of vQx and vg. 

From the experimental results, the DC link voltage is well 
clamped within (Vel + V,) because the DC link voltage 
exceeds the (Vel + y . ~ ) ,  then a current path through CI and CZ 
is provided. 

3. CONCLUSION 

Inn this paper, new parallel resonant DC link inverter 
using one resonant switch is proposed to overcome the 
drawback of the efficiency degradation because a resonant 
power device is placed into a load current flowing path. All 
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switches are switched on under the ZVS condition when the 
switching cycle is initiated from the initial status 1. If the 
initial status 0 is employed in order to make PWM output, the 
load current flows directly from source to load side without 
any intervention by the resonant circuit in the initial status 0. 
Hence, there is no conduction loss caused by the load current. 
In the initial status 0, the resonant switch Q, is switched on 
with non-zero voltage level, Vel. It is quasi-resonant mode. 
Nevertheless, the switching losses can he very small because 
the inductor current or Q, current starts from zero level. 

If the initial status 0 is not employed for a PDM operation, 
then Q, and Q, are completely switched on under the ZVS 
condition. Experimental results are provided. It can be 
expected that the proposed PRDCL inverter is very useful for 
a high efficiency power converter. 
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