
Characterization of Paralleled Super Junction M O S m  Devices under Hard- and 
Soft-Switching Conditions 

Xudong Huang, Huijie Yu, and Jih-Sheng Lai 
Virginia Polytechnic Institute and State UniGersity 

Center h r  Power Electronics Systems (CPES) 
665 Whittemore Hall 

Blacksburg, VA 24061-01 11 

Abstruct- The super junction (SJ) MOSFET exhibits 
conduction and switching properties similar to those of 
conventional power MOSFETs. I n  this paper, we investigate 
possible benefits and problems associated with connecting SJ 
MOSFET i n  parallel fo r  high-power applications. Measured 
circuit performances of paralleled SJ MOSFET devices are 
evaluated under hard- and soft-switching conditions. The 
measurements include (1) turn-on and turn-off switchingwllage 
and current comparison, (2) gate driver resistance effects on 
current sharing between paralleled SJ MOSFET devices, and (3) 
SJ MOSFET body diode behavior under hard- and soft- 
switching conditions. Two test circuits are developed for 
paralleled SJ MOSFET evaluation. One is an auxiliary resonant 
snubber chopper for the near zero-voltage switching test, and 
the other one is an auxiliaryresonant snubber inverter for the 
true aero-voltage condition test. Experimental results indicate 
that SJ MOSFET can be paralleled without the need for precise 
device matching if the gate drive resistances are closely 
matched. 

I. INTRODUCTION 

A new class of MOS-gated power semiconductor 
devices, the super junction (SJ) MOSFET, is considered a 
breakthrough device because it ofks a much-reduced on- 
resistance h r  high voltage applications over the conventional 
power MOSFET [l]. This device exhibits conduction 
properties similar to those ofconventional power MOSFETs 
with positive temperature coefficients [2]. It is therehre 
expected that the SJ MOSFET can be used in parallel 
configurations under steady state conditions. 

Conventional power MOSFETs offen are used in parallel 
configurations ibr higher power switching applications. The 
purpose of this paper is to study the dynamic current sharing 
behavior of SJ MOSFET fbr parallel operation in both hard- 
and so%-switching circuits. 

Conventional power MOSFETs and SJ MOSFET 
devices s u k  efkts of slow recovery of the drain-body 
&ode. In chopper-type converters where the current flows 
through an inductor in one direction, the commutating diode 
turn-off current is diverted through a k t  external diode, and 
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the associated MOSFET turn-on current does not contain a 
large diode-recovery current transient. Therehre, the drain- 
body diode in SJ MOSFET is not expected to restrict the use 
of paralleled SJ MOSFET devices in this type of converter. 
For two- and hur-quadrant inverter applications, however, it 
is difficult to use MOSFET devices and parallel them ibr high 
power applications due to the slow reverse recovery ofthe 
drain-body diode. 

For hard-switching applications, a series diode can be 
used with the MOSFET to block the recovery of the drain- 
body diode. An anti-parallel, hst-recovery diode can then be 
used in parallel with the MOSFET-seriesdiode combination 
to implement commutation. The resulting device of this 
remedy does not allow parallel-operation because the added 
diode has a negative temperature coefficient. 

An option that may allow parallel MOSFETs to be used 
in inverter applications is the use of the zero-voltage soff- 
switching circuit. This circuit temporarily diverts the 
eeewheeling or commutating diode current. This technique 
provides extra time h r  the drain-body diode in the MOSFET 
to recover behre voltage is reapplied [3-61. 

In this paper, the switching behavior of paralleled SJ 
MOSFET devices under so%-switching conditions is studied 
to explore the possibility of applying paralleled SJ MOSFET 
in high-power inverter applications. The experimental results 
indicate that SJ MOSFET can be paralleled without the need 
h r  precise matching. However, the gate drive resistors need 
to be matched to ensure equal switching delays and thus 
equal dynamic current sharing. Under hard turn-on 
conditions, the difkrences between gate-drives resistances- 
related switching delays might cause the slower device to be 
over-stressed. Under the zero-voltage soff turn-on condition, 
the mismatch of gate resistances is less ofa problem because 
the switching energy and stress are nearly zero. It is also 
ibund that better current sharing can be achieved with lower- 
value gate resistors because the MOSFETs switch kter,  and 
the periods ofpotential mismatch are reduced. 

11. ZERO-VOLTAGE SOFT-sWITCHlNG TEST CIRCUITS 

A. Device Test Circuits 

Two test circuits are developed ibr evaluating paralleled 
SJ MOSFET switching perlirmance. The first one, shown in 
Fig. 1, is an auxiliary resonant snubber chopper (ARSC). 
The second is an auxiliary resonant snubber inverter (ARSI), 
shown in Fig 2. 
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The ARSC circuit consists of a twoquadrant chopper 
with two pairs ofparalleled SJ MOSFET devices (SI, S2)and 
(S3, S 4 ) ,  and the fieewheeling diodes DI and D2. For soft t um 
og snubber capacitors C, are connected across the main 
devices including the SJ MOSFET pairs and the fieewheeling 
diodes. An auxiliary resonant circuit that consists of an 
auxiliary switch S,, diode D,, and resonant inductor L,, is 
connected across the inductive load L. Because the initial 
condition of the resonant inductor current is not controllable, 
this type of circuit can achieve only near-zero-voltage tum-on 
[7]. The major components used in this circuit are listed as 
hllows: 

S I  - S 4 :  SJ MOSFET, rated 190 mQ, 20 A, 600 V 
D1,Dz: list reverse recovery diode, rated 20 A, 600 V 
L :  2 mH 
L,: 3 pH 
C,: 0.027 pF 

If the gate-sources of(S5, s6) and (s,, s,) switch pairs are 
controlled with pulse-width-modulation (PWM) signals, then 
the circuit becomes a hurquadmnt, soft-switching chopper 
or inverter. In this case, 0, needs to be changed to add an 
anti-paralleled switch to allow bi-directional, resonant current 
control. As described in [3], the circuit allows the 
establishment of an initial resonant inductor current by 
keeping (s5 ,  s 6 )  and (s,, s8) switch pairs on h r  a short period 
at the beginning of resonance to achieve true zero-voltage 
tum-on. 

B. Switch Timing 

A two-pulse sequence strategy is used to gate the main 
devices (SI,  S2, and S3, S 4 )  with a fixed time period to 
establish the desired load current in L .  The sof-switching 
operation of the ARSI and ARSC circuits was previously 
described [7][8]. During tum-on, the resonant branch circuit 
diverts the current in the fieewheeling diode to the drain- 
body diode and provides a zero-voltage condition to the 
MOSFET. During turn-og the voltage rate ofrise is reduced 
by snubber capacitor C,. 

Fig. 3 shows the gate signals and corresponding device 
voltage and current wavehnns h r  the ARSC test circuit. The 
SI MOSFET devices are tumed on with Vgs at time t , ,  and the 
load inductor L is linearly charged with a dildt = VJL. At 
time t2, the load current, I,, increases to (t2 - tl)V,lL, and the 
two SI MOSFET devices are tumed off to discharge the load 
current. For the ARSC circuit, the &wheeling diodes, D, 
and D2, are fist reverse recovery types. For the ARSI circuit, 
the slow recovery body diodes of SI MOSFET devices (S5  - s8) 
are used. Results h r  the ARSI circuit are shown in section 
III. D. Between time t3 and t4, the auxiliary switch, S’, turns 
on with VAux GE, and the resonant branch circuit establishes a 
resonant cum%, I,,, to divert the load current away $om the 
fieewheeling diodes and allows the devices to be switched 
under the zero-voltage condition. The second Vgs pulse starts 
right afer the SI MOSFET drain-source voltage, Vds, drops to 
zero. The purpose ofthis second pulse is to monitor the zero- 
voltage tum-on condition so it is typically a short pulse of a 
fkw microseconds. 

Fig. 1. The auxiliary resonant snubber chopper test circuit. 

The two &wheeling diodes, D1 and D2, can be replaced 
with SJ MOSFET devices, and the test circuit becomes an 
auxiliary resonant snubber inverter (ARSI), as shown in Fig. 
2. By connecting gates and sources together, the two 
paralleled switch pairs, (S5,  s6) and (S7, Ss), become 
&wheeling diodes, and the circuit operation is identical to 
Fig. 1. 

Fig. 2. The auxiliary resonant snubber inverter test circuit Fig. 3. Corresponding gating signals and waveforms of the test circuits. 

2146 



111. DEVICE CHARACTERIZATION RESULTS 

A. Turn-on Characteristic 

Fig. 4 shows the tum-on wavehrms ofthe current and 
voltage of the SJ MOSFET under hard- and soff-switching 
conditions in the ARSC tester at 300 V bus voltage and a l d  
current of40 A. Each device shares 20 A equally. 

It can be seen that the tum-on current ofthe SJ MOSFET 
has an overshoot of 45 A with 225 A/p rate under hard- 
switching conditions. Under soff-switching conditions, there 
is no overshoot current, and the current rise rate is reduced 
significantly. Notice that there is an initial w e n t  bump in 
soff turn-on because the device is not turned on at true zero 
voltage, and a small voltage across the snubber capacitor 
needs to be discharged when the device is gated on. This 
initial current bump corresponds to the capacitor discharge 
current. Its magnitude, however, is much smaller than the 
diode reverse recovery current under the hard-switching 
condition. 

(a) Turn-on under hard switching 

(b) Turn-on under soft switching 
Fig. 4. ST M O m T  tum-on under hard- and soft-switching 

conditions. 

Fig. 4(b) indicates that the intersection area ofvoltage 
and current diminishes, and the tum-on loss under soff 
switching is reduced drastically as compared with the hard- 
switching case. The turn-on energy can be obtained by the 
integration of the intersection area. 

Fig. 5 shows the integration results ofthe tum-on energy 
b r  both hard- and soff-switching conditions. The SJ 
MOSFET turn-on energy under soff switching is reduced 
significantly compared to hard switching. At this 20 A 
current condition, the tum-on energy is reduced fiom 1 mJ to 
0.12 mJ. The turn-on loss associated with soff switching 
comes i?om the zero crossing area, where the device voltage 
is not truly zero because it is tested with the ARSC circuit, 
which does not provide initial inductor boost current to 
discharge the resonant capacitor. 
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Fig. 5. Turn-on losses under hard- and soft-switching conditions. 

B. Turn-off Charactwistic 

Fig. 6 shows the turn-off wavebms ofthe current and 
voltage of the SJ MOSFET devices under hard- and soff- 
switching conditions in the ARSC test circuit at a 300 V bus 
and with a device current of 20 A. The dvldt under hard 
switching is about 3000 VIPs, while under soff switching it is 
about 600 VIPs. The test results indicate that the turn-off 
voltage has nearly zero overshoot voltage under both hard- 
and so%-switching conditions. This can be attributed to a 
good circuit layout that involves minimum parasitic 
inductance. 

The turn-off energy, again, can be obtained fiom the 
integration of the intersection area of the voltage and current. 
Fig. 7 shows the integration results at d i h t  current 
conditions. It indicates that the tum-off energy is greatly 
reduced because the resonant capacitor slows down the SJ 
MOSFET voltage rise during tum-o$ thus diminishing the 
intersection area of voltage and current. At the 20 A 
condition, the tum-off loss is decreased fiom 0.55 mJ under 
hard switching to 0.12 mJ under soff switching. 
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(a) Turn-off under hard switching 

(b) Turn-off under soft switching 

Fig. 6. ST MOSFET turn-off under hard- and soft-switching conditions. 
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Fig. 7. Turn-off loss under hard- and soft-switching conditions. 

C. Current Sharing with Different Gate Driver Resistance 

When there is a variation in gate drive resistance, current 
sharing during switching is no longer equal between two 
paralleled devices. Fig. 8 compares tum-on current sharing of 
paralleled SJ MOSFET devices with dilbent gate-drive 
resistances (47 R & 100 R )  under hard and so% switching in 

the A R S C  circuit. For the current rise in the hard-switching 
condition? the device with smaller gate drive resistance 
initially takes all the load current of40 A plus the overshoot 
current caused by the reverse recovery of the &wheeling 
diode. Under so% switching, the device with the smaller gate 
drive resistance initially takes all of the current, but because 
of the reduced rate of current rise this current never exceeds 
the steady-state current. The device with the larger gate 
resistor begins conducting, and the currents eventually 
balance. 

It can be seen from these tests that the SJ MOSFET 
devices can be paralleled for both hard- and soft-switched 
tum-on as long as the gate resistors for each device are 
matched. For so%-switched operation, the matching is not as 
critical in balancing the switching energies, in part because 
the energy is so much less. 
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(a) Turn-on current shanng under hard sultchlng 

(b) Turn-on current sharing under soft switching 

Fig. 8. Comparison of ST MOSFET turn-on current sharing under hard 
and soft switching. 

Fig. 9 shows the comparison of turn-off current sharing 
of paralleled SJ MOSFET devices with diikent gate drive 
resistance (47 R & 100 Q) hr hard- and so%-switching 
conditions. The device with the smaller gate drive resistance 
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shuts off first, causing the other device having the larger gate 
drive resistance to take the entire load current. There is no 
significant di&ence between hard and so% switching in 
current Ed1 and current sharing during turn-og except that 
the so% switching exhibits a slower voltage rise-rate, dvldt. 

In terms of turn-off energy, the device with the smaller 
gate resistance has very little intersection between voltage 
and current, and thus the t u m d €  loss is nearly zero. The 
device with larger gate resistance assumes the bulk of the 
turn-off energy; however, this energy is reduced 6 r  the soff- 
switched case. 

1 I-Oct-08 
16:01:35 

(a) Turn-off current sharing under hard Switching 

11-Oct-80 
IO: 1 I :43 

(b) Turn-off current sharing under soft switching 
Fig. 9. Comparison of ST MOSFET turn-off current sharing under hard and 

D. Bo& Diode EflZizt on Soft Switching 

The ARSI circuit of Fig. 2 is used to investigate the 
drain-body diode in the SJ MOSFET. For this investigation, 
the gates and sources of S 5  and s6 are connected together to 
obtain the drain-body diode characteristics and to observe its 
e m s  on the switching MOSFETs S1-S4. Fig. lO(a) shows 
current and voltage wavehrrns for the s5-s6 combination 

soft switching 

acting as a diode h r  the hard-switching condition. The 
current I,., is the reverse-recovery current, and VD is the drain 
(cathode) voltage of this diode. The peak recovery current is 
120 A. Fig. lo@) shows the current and voltage wavehrms 
6 r  the SJ MOSFET switch S1, and also I,., and resonant- 
branch current 4, fir so% switching. The value of the soff 
switching is evident in the reduction ofl,., in Fig. lO(b). 

For hard-switching conditions, the reverse-recovery 
time, t,,, is about 1 ps, and the peak reverse-recovery current 
is about 120 A h r  a 40 A load condition. For so%-switching 
conditions, the resonant inductor diverts the current away 
$om the slow body diode, and the reverse-recovery current is 
reduced to 55 A. When this reverse current is shut offduring 
the reversal ofthe inductor current I,, slope, the dmn-body 
diodes in S3-S4 conduct initially. Devices S3-S4 then are 
tumed on under zero-voltage conditions. The switch current 
and voltage do not show overlap, and thus the tum-on loss is 
eliminated. 
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(a) Reverse recovery under hard switching 
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(b) Reverse recovery under soft switching 

Fig. 10. Reverse recovery of the paralleledbody diodes under hard- 
soft-switching in the ARSI circuit 

and 
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The slower recovery of the drain-body diodes actually 
o k  an advantage in the ARSI circuit of Fig. 2.  The 
recovery current causes an additional boost for ILr that drives 
Vsl down sooner and provides true zero-voltage tum-on. Figs 
ll(a) and 110)  compare the dikence between the use of 
fist and slow recovery diodes. Fig. 1 l(a) indicates that the SJ 
MOSFET can only reach near zero-voltage switching in the 
ARSC circuit that uses the ht-recovery diodes, while Fig. 
1 l(b) shows that the SJ MOSFET achieves true zero-voltage 
switching in the ARSI circuit with the drain-body diodes. 

11-Oct-DO 
9:52:82 

I 20A ! 1 1 1 ‘i /20: .i- i I I 
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(a) Near aero-voltage switching with ARSC 
I I-Oct-BE 
22:34:03 

(b) True aero voltage switching in ARSI 

Fig. 1 1. Comparison of soft switching in the ARSC and ARSI circuit. 

experimental results indicate that SJ MOSFET devices can be 
paralleled without precise matching. Under hard-switching 
conditions, the devices need not necessarily be matched, but 
the gate driver resistors need to be matched to ensure equal 
dynamic current sharing. For soft-switching applications, a 
mismatch in gate resistors does not increase switching stress, 
but still causes uneven power dissipation. Measurements 
show that better current sharing can be achieved with smaller 
gate resistors. This yields Ester switching and reduces the 
unequal current sharing period for both hard- and soff- 
switching conditions. 

When utilizing the slow reverse recovery characteristic 
of the paralleled body diodes of the SJ MOSFET, an initial 
resonant inductor current can be created to achieve true zero- 
voltage switching in the ARSI test circuit. This true zero- 
voltage switching fixture is very desirable in Wher 
reduction oftum-on loss and noise. 

From this work, it can be concluded that SJ MOSFET 
devices can be paralleled without special device matching, 
provided the gate resistances are matched. Therefore, SJ 
MOSFET devices can be applied to high-power inverter 
designs. 
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Iv. CONCLUSION 

The switching perfbrmance of paralleled SJ MOSFET 
devices was characterized under hard- and soft-switching 
conditions through empirical measurements. The 
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