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Abstract--To extent the rating ranges of current and voltage
of IGBT, the serial and parallel methods are presented in this
paper. For serial techniques, it is found that the voltage sharing
can be got to balance by adding a RCD snubber and an
adequate balancing resistor in each IGBT in series. For
parallel method, a parallel scheme using current feedback
method is proposed in this paj)er. The above serial and
parallel techniques are proved that the currents of paralleled
IGBTs and the voltages of IGBTs in series can be balanced by
experiments.

1. INTRODUCTION

BJTs have lower conduction losses in the on-state, but
have longer switching times, especially at turn-off.
MOSFETs can be turned on and off much faster, but their
on-state conduction losses are larger. The IGBT is a hybrid
power device that combines the advantages of a MOSFET
(fast switching and low drive power) and a BJT (low
conduction losses). Because of the advantages of IGBTs,
they have wide applications in many fields.

In particular, due to its large current-handling capability,
the IGBT is especially suitable in applications of high
frequency (20kHz) medium power (1 to 100kW) PWM
inverters and motor drives. If we need larger power of
IGBTS, it will be necessary to extent the capacities of IGBTS.
There are two methods to get the large power for
semiconductor devices, that is, making devices high current
density and high voltage. It is not difficult to get to high
current density and high voltage for devices in
manufacturing, but we have to think about the costs.
Generally speaking, the costs will be lower to get to large
power when devices in series or paralleled than get to large
power by the single device. So, they are important
techniques for IGBTSs to get to high current density by
parallel and high voltage by series[1,2].

Power devices can not tolerate the surges over the rating
ranges in short time, and can not be protected by general
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fuses and breakers. Because of the differences of the
parameters of power devices, they will result in the
unbalances of the voltages or currents when devices in series
or paralleled. Besides, the switching losses of power devices
are larger than the on-state losses in high frequency
operation. We have to consider the switching time and
oscillations as the results of threshold voltages, on-state
resistance, off-state resistance and the lines in experiments.
Because of the unbalances of devices, we have to solve the
problems.

II. TECHNIQUES OF IGBTS IN SERIES
A. RCD Snubber

The RCD snubber is composed of a resistor(R), a
capacitor(C) and an diode()), as shown in Fig.1. When the
IGBT is switched off, the capacitor C; will be charged.
When the IGBT is switched on, the capacitor will discharge
along the original path that it was charged, and the value of
"di/dt", will increase. In order to limit this, a resistor R, is
connected in series as indicated in Fig.2. The diode D; in
Fig.2 provides a low impedance only for the charging path
for the capacitor.

The resistor R should be chosen small enough to ensure
that the capacitor C; can discharge fully during the
switching transition time. But R can not be chosen too
small, it will damage the devices because of large current.
The capacitor C; is used to fight with the steep change of
the voltages. It will cause the voltages to rise slowly, so it
can prevent the surges. If C; is chosen too large, it will
effect the switching time. If C;is chosen too small, it can not

fight with the steep change of the voltage. The suitable
values of C; and R, should be designed carefully by
rules|3.4].

B. Design Criteria of The Capacitance and Inductance
of The Snubber

Fig.2 shows the switching waveform of the voltage of the
capacitor C; and the load current when the IGBT is being
off. Assuming a linear decrease of the load current during its
turn-off interval #;, the voltage across the capacitor at any
time £1s calculated as follows:
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Fig.2. IGBT with a RCD snubber.

Fig.2. Capacitor voltage and load current during the turn-off

transition interval.

L[t _1{tL |
Vi = EJ.O Ipdt = Vve= EJ‘O i tdt |
where 7, means the load current.
The capacitor voltage gets to a designed value V,* at
time 7=t

V; =0.5(I1t2)/Cs (1)

where V,*is a fraction of the voltage source V,.
According to (1), the capacitor Ccan be chosen
from (2):

Cs> (It V; @)

the minimum of C can be derived from (2). o
In the resonant RLC circuits, the damping ratio is defined

by (3):
If damping ratio is chosen to be small enough, the peaks

R IC
=7 ,/; 3)
of voltage will not be too large. But it can not be too small,
because the large surges will damage the devices. We do not
want the damping ratio to be larger than unity, for it will
takes more time to attain the stable situation, and slow down

the switching time. The damping ratio should be chosen
smaller enough than unity as (4) :

ROB CS
&= 1m <1 @

where R, , means the resistance of the load and L, , means
the inductance of the load. Rearranging (4), the maximum
of C;can now be calculated from (5):

Hence, combining (2) and (5), (6) is obtained:

Cs < 4L joad ( 5)

2
R load

At the turn-on interval of the IGBT, the resistor R, should

Jizs 4L, )

E]:V—g‘ < Cs< —-R%“‘; ©)
limit the peak discharge current through the IGBT to a safe
value. The choice of R; is mainly decided by the minimum
on-time 7., of the IGBT. The minimum on-time can be
designed to be at least five times of the time constant R,C:

Tou(min) > SRSCS (7)
(7) can be reformed as

Rs < Ton(miny / 5Cs ®

This means that R, should be chosen suitably for the quick
discharge of C,

Using the above equations, all the component values of
the snubber connected to the IGBT can be calculated.

C. Blaucz'ng Resistor

The output off-state resistance of the IGBTSs are not often
the same because of the variance of the device parameters.
Fig.3 shows the IGBTs with snubbers and balancing
resistors. The off-state resistance for each IGBT are R ,,
and R, and the balancing resistor is R, Fig.4 indicates the
equivalent circuit of the off-state serial IGBTs where the
capacitor of the snubber will be ignored foe it can be taken
as open circuit ‘in the straight line of the input square
waveform. The value of the equivalent output off-state
resistance for each IGBTs in series will be closer if R, is put
in the circuit. The Rj is often chosen roughly as one-tenth of
the IGBT output off-state resistance that is calculated from
9):

Re=<5Rosr &)
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According to the above descriptions, the unbalance of the
voltages of the serial IGBTs can be improved by putting a
RCD snubber and a balancing resistor R, in each IGBT in
series.

(]

—]

17 L
' 1
(-7 )

v

Fig.3. The IGBTs in series with snubbers and balancing resistors

Fig.4. The equivalent circuit when the IGBTs are off

II. TECHNIQUES OF PARALLELED IGBTS

MOSFETs are easily paralleled because their on-state
resistance has a positive temperature coefficient. IGBTs are
more difficult to be paralleled because of their negative
temperature coefficient of the on-state resistance.

IGBT is a voltage-controlled device. It is fully on and
approximates a closed switch when gate-source voltage is
sufficiently large. The IGBT is off when the gate-source
voltage is below the threshold value, V_, . IGBTs require the
continuous application of a gate-source voltage of
appropriate magnitude in order to be in the on-state. The
source current is controlled by the gate-source voltage, V; .
If V,, increases, the source current [, will increase, or vice
versa. The linear relationship between V; and [, will be
used in the load current balance for the paralleled IGBTs.

The simplified block diagram of the paralleled IGBTs is
shown in Fig.5. The output currents of paralleled IGBTSs, /,
, can be detected by a current transducer and transferred as a
voltage signal. To reduce the high frequency noise, the
voltage signal will be passed a low-pass filter to grid the
noise and modify the signal waveform. The controller
voltage signal is fed through the signal which is filtered for
generating a series of voltage trigger signal. The trigger
control block is next applied to the paralleled module to
control the output current to follow the controller voltage

signal.

Filter

Fig.5. control block diagram of the paralleled IGBTs
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Fig.6. The computation block diagram of the three paralleled IGBTs

Three Paralleled IGBTSs

The simplified controlled block diagram of the three
paralleled IGBTs is shown in Fig.6. The IGBT can be
detected by a current transducer as a Vbltage signal. The
voltage signal is used as the controller input signal that the
voltage signal will be passed through low-pass filter to grid
noise and modify the waveform. The filtered voltages are V,
, Vy and V., respectively, as indicated in Fig6. To
regulated the load current, the trigger voltage will be
modified by - the reference voltage which is come from the
average value of the filtered voltage of the three IGBTs. The
modifiable magnitude of the trigger control voltage for the
three IGBTSs is the sum of the average voltage value and the
voltage difference value. The voltage difference is
performed by the average voltage value minus the filtered
voltage value, for example, V, as indicated in Fig.6. There
is a problem here, that is, no feedback signal to apply to the
driving circuit initially. Therefore, we apply the initial
voltage V, to the driving circuit continuously. To explain
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Fig.7. The detailed control block diagram and hardware configuration of the three paralicled IGBTS.

the principles of the computation block diagram, we take the
following example.

(i) When the system starts instantaneously,

Va=Ve= V=0
= Vavgz VA+‘;B+“VC =0
= Vaz Vavg_ VA:()

= Vi = V- -the initial input voltage

(i)After the system starts,

Va#0, V20, and Ve #0
= Vavgz VA+‘;B+VC ¢O
= Va = Vzvg_ VA

= Vi = Vr - the input voltage aﬁerstéztzkzg

Therefore, the more high load current, the more high
translation filtered voltage. If the filtered voltage value V, is
higher than the average voltage value, the difference voltage
Va is negative, or vice versa.

IV EXPERIMENTAL RESULTS

Subject to the above descriptions, .the experimental results
of the serial and paralleled techmiques are discussed,
respectively.

Experimental Results of Serial Technique

To prove the accuracy of the above serial theory, the
following parameter values for NIEC PDMB506 IGBT are
used for the experiments:

Rom(IGBT1) = 621K
Romn(IGBT2) = T00KQ

The value of R, is roughly taken as 650K. The R, is
calculated from (9):

Rp =35 X650KQ = 65KQ
Test Condition:
Riosd=47Q, Lioaa=2000LH
Va=120V, Vea(IGBTY) = Vel IGBT2) = Y2 =6 v
Ir=25A, tr=1us, Ton=50us
The C;is decided by (6):
0.21nF< Ce < 0.36UF

Here, we choose C = 0.33uF as the parameter . of the
experiment. The R, is decided by (8):

R:<30.3Q

Here, we choose R=20

Fig.8 show the experimental results of the two seral
IGBTSs without RCD snubber and RB at 10Khz frequency.
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Fig.8. the serial experimental waveform at 10Khz without RCD snubber and
R (two serial IGBTs)
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Fig 9. the serial experimental waveform at 10Khz with RCD snubber and RB
(two serial IGBTSs)

Fig.9 show the experimental results of the two serial IGBTs
with RCD snubber and RB in the above test condition at
10Khz frequency. Hence, the assumptions made for the
analysis of the IGBT serial techniques are in conformity with
the experimental results.

Experimental Results of The Parallel Technigue

The whole control block diagram of the three paralleled
IGBTs and the more detail information for hardware
configuration are as shown in Fig.7. The main circuits in
Fig.7 contain driving circuits, control circuits, snubber
circuits and starting source V.. The snubber circuits are the
same as the ones in serial techniques. The IGBTs are
mounted on the same heatsink. The device circuit
connected to the drain,
gate and source terminals are made via the screw tracks with
resulting minimum stray inductance. The load used for
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(b) the currents of IGBT-A and IGBT-C

Fig.10. the parallel waveform when using one gate resistance for gate drive at
3Khz (three paralleled IGBTs)
(a) the currents of IGBT-A and IGBT-B
(b) the currents of IGBT-A and IGBT-C

loading test is composed with inductors and resistors. The
power IGBT modules, PDMB506 (50A/600V, NIEC), are
used in the experimental tests. Fig.10 shows the
measurement results when using the one gate resistance for
gate drive at 3Khz. The unbalance current is very high. In
Fig.11, the same measurement results are shown when using
the feedback control loop at 3Khz. It is shown that the
paralleled IGBTs with feedback control loop are satisfactory.

V. CONCLUSIONS

Owing to the optimal device characteristics of the IGBT,
the application of serial and parallel operation and large
voltage and current capacity have been caused many adverse
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(b) the currents of IGBT-A and IGBT-C

Fig.11. the parallel waveform when using the feedback control loop at 3Khz
(three paralleled IGBTs) ’ :
(a) the currents of IGBT-A and IGBT-B
(b) the currents of IGBT-A and IGBT-C

notice to the pdwer electronic range. In this paper, the new
schemes for serial and parallel IGBTs are developed.

(1)Serial techniques : It is found that the voltage sharing
can be balanced by adding a RCD. snubber and an
adequate balancing resistor R, in each IGBT in series
by suitable designation of the parameters. And, the
experimental waveforms show that the oscillations for
IGBTs in series without RCD snubbers and balancing
resistors can be eliminated by this serial method.

(2)Parallel techniques : A new schemes for paralleled
IGBTs is developed. Using the characteristics of
linear relationship of V, and I, , the balance load
current can be obtained by the value of change of the
gate-source voltage in the IGBT. The feedback control
loop for paralleled IGBTs is comstructed. From
comparing the difference of with and without feedback
control loop, the experimental results for load current
balance of paralleled IGBTs are presented. It is shown
that the paralleled IGBTs with feedback control loop
are satisfactory.

But the above experimental results show that the best
operational frequency is not high. The reasons are as
follows. For serial techniques, the snubbers will effect the
switching speed. For parallel techniques, the low-pass filters
will slow down the operational time. Hence, the frequency
range can not attain high level. However, if the switching
frequency increases, the switching losses wilk increase, too.
The switching frequency is generally chosen in the low
range to reach high efficiency.

From the experimental results, the necessity to extent the
capacity will be easily accomplished at low frequency by
using the developed serial and paralleled IGBTs techniques
in this paper.
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