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APPLICATION NOTE

STATIC AND DYNAMIC BEHAVIOUR

OF PARALLELED IGBTs

ABSTRACT

Problems associated with power device
characteristics when power devices are
connected in parallel, such as thermal stability
and balanced switching behaviour can be
solved by using insulated gate bipolar
transistors (IGBT).

This note deals with parallel IGBT behaviour
analyzing both static and dynamic
characteristics.

The influence of heatsink mounting, lay-out,
and drive circuit are described in order to
demonstrate the best way to parallel IGBTs
for optimum performance.

AN477/0492

by R. Letor

In addition the major advantages of the
ISOTOP package are shown.

|. INTRODUCTION

When switching devices are paralleled, the
following points must be carefully considered:
1) On-state losses balance.

2) Switching losses balance.

3) Thermal stability.

The loss unbalance, depending mainly on the
spread of the device parameters (Vgega,,
switching time), can cause excessive power
dissipation in one or more devices.
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The thermal instability;, correlated to the
behaviour of the devices when the
temperature increases, can cause thermal
runaway and lead to the failure of the device.
This note explains the theory, describes
practical examples and suggests possible
solutions.

The behaviour of the IGBTs considered is not
dependent on type, hence, the results can be
extended to all SGS-Thomson IGBTs.

Il. BEHAVIOUR OF PARALLELED IGBTSIN
THE ON STATE.

The IGBT is a voltage driven device, hence
when the devices are in parallel the drive
conditions are the same for all devices

(i.e. they all have the same V gp).

Thus the influence of output characteristics
and of the transfer characteristics can be
studied separately.

A. Current balance in the on state.

Current balance can be studied with the
simplified circuit of fig.1 where the following
conditions are respected:

IC1
IGBT1

s

1GBT2 ‘)

o—e—I 5%
Vo Nl
(=

Fig. 1. Circuit where current balance depends only
on IGBT characteristics.
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Veesatt = VeEsate

let + lc2 = ILoap

Veesatt = fller Tji Vaer)

Veesate = fllct: Tiz Vaea) (1
This system of equations (1) has a graphical
solution which is shown in fig.2 for the
extrapolation of current balance in two
paralleled IGBTs with the same junction
temperature (Tj1 = Tj2).
Figure 3 shows the influence of the spread of
VeEsar On the current balance.

B. The influence of the temperature on
current balance.

The fig.4 shows the basic equivalent structure
of the IGBT.

The device functions as a bipolar transistor
which is supplied base current by a Power-
MOSFET.

The IGBTs output characteristic combines
both the bipolar and the Power-MOSFET
characteristics.
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Fig. 2. Graphical extrapolation of current balance
in the on state for two STGP10ON50 @
iLoap = T0A; Tjy = Tjp = 25°C; Ig = 1A/div.:

Veg = 0.5V/div.
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The curves in fig.5 show these effects and

highlight the following points:

1 - The temperature coefficient of VicEsat I8
negative at low current density (I < Iyou)
(bipolar effect).

2 - The temperature coefficient of Vcesat 1S
positive at high current density (I > Iyop,)
(Power-MOSFET effect).

3 - The temperature coefficient of the
dynamic resistance (di/dv) is positive
(Power-MOSFET effect).

50 &l /1 load (%)

| load = | NOM.
‘0 .....................................................................................
Tit=Tj2=100C

10 15 20 25 80 385 40 45 50
AVee(sat)/Voe(sat) (%)

2

Fig. 3. Current balance versus the Vg(sat)
difference in two paralieled IGBTSs.
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Fig. 5.O0utput characteristics versus the
temperature for STGP10NS0. | = 2A/div.;
V = 0.5V/div.

"- SGS-THOMSON

The effect of this behaviour is that the
influence of the temperature on current
balance is small and that the current balance
improves when the temperature increases, if
Tﬂ = Tj2 (ATi = 0), (fig.6).
Figure 7 shows the effect on current balance
when the junction temperature of paralteled
devices are different (ATJ- = 0) and the medium
temperature is constant (Tj1 + _Tj2)/2=K:
- At low current, current balance is worst
when the temperature difference increases,
but the temperature coefficient is low.

. IC = (1+8)IB
IB = | p-mos l

—K
15

Fig. 4. Simplified equivalent circuit of an IGBT.

E

80(lc1 - {62)/1 load (%)

2 = STGP10N50

50 ‘\

\ (Vegl-Veg2)/Veg @ 10A: 20%
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20 + _—“7\—+
10 _.AA.Ti1...Tj2"100 C
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Fig. 6.Current balance versus | g,p and
temperature in two paralleled IGBTs.
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- At high current the behaviour is similar to
the power- MOSFET behaviour; in fact,
current balance improves when the
temperature difference increases.

C.INFLUENCE OF THE TRANSFER
CHARACTERISTICS.

When IGBTs are strongly saturated, the
influence of the transfer characteristics on
paralleled devices behaviour is small.

The figure 8 shows that the gate voltage
scarcely influences the V ~i ., value; hence it
is not possible to improve the current balance
in the on-state by connecting an emitter-
ground resistance.

Ill. PARAMETERS INFLUENCING
SWITCHING BEHAVIOUR.

The IGBT’s switching behaviour depends on:
- Device parameters (Vy,, 9¢s, Ci» Crss.Co)-

- Drive circuit.

- Lay-out (Parasitic inductances).

The switching behaviour is studied in the
circuit of figure 9 where the stray inductance
“Lgi+Lgotleg” is small and the IGBTs are

7lz:1(on) - Ic2(0n) (A)

9. STGP1ON50
5
e —— KT --003 A/C
A N —— KT-0
3': ~%— KT + 0.007 A/G
26 e R
2 1+12 = 10A
16
b I Ve 88t/ Vo 8ata26%
10 20 80 40 60 60 .
, { -T2 (C) Vo= 1V
Ti=90 C

Fig. 7. Influence of ATj on current balance during
the ON-state. KT is a temperature coefficient.
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turned on, while the free wheeling diode is still
conducting; with this working condition di/dt
is not limited by. the stray inductances and
depends on the IGBTs switching speed

(dl/dt > Vee/(Lgy + Lgp + Lgg).

A. Turn-on.

During turn-on, the switching losses depend
mainly on the di/dt that influences the
peak current due to the diode recovery
(Eco = Ipeak - tcross * Vcc/2).

In the circuit of figure 9, the voltage drop
caused by the inductance of the emitter-
ground connection (L.4), reduce the drive
current (Ig = (Vd - V5 - L ~ di/dt) / Rg), and
acts as a negative feedback during current rise
time. Taking into account the effectof L .4, the
value of di/dt is:

di/dt = (Vd-Vy,) / (RgGC;/ g + Ls1)
For 1000V devices and with RG = 100Q:
15+10° < RgC;/ gig < 25 * 10°°
The inductance of 1cm of wiring is:

st

Ly =10 - 10 Hiem

5Vcssat (v)

STGP10NS50
4 \\ 16 +10°A
3 Ti=100 C
2[R R R R RS ,
: é
0 L N : ! ' L

5 7 9 1 B8 16 17 19
GATE-EMITTER VOLTAGE (V)

Fig. 8. Typical Vg 4 versus gate bias.
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From this it can be seen that the spread of
device parameters has less influence on the
di/dt value than the parasitic inductance of the
emitter-ground connection.

B. Fall.

During current fall two distinct phases can
be seen (figure 10).

Phase 1 is similar to the current fall of power-
MOSFET and the parameters influencing the
di/dt are the same parameters that influence
di/dt during turn-on.

The tail during phase 2 which is due to the
minority carriers stored in the substrate mainly
affects the switching losses.

The tail amplitude depends on Tj and on the
turn-off current; hence, the turn-off current and
the working temperature mainly influence the
losses during the fall time (Fig. 11,12).

C. Storage.

During the storage time “l = gy (Vge-Vin)"s
“di/dt=0", and the current waveform depends
only on the IGBTs parameters (gy,, V) and
on the drive circuit.

Voo

FHEE WHEELING
D{DDE

Ra l\
I} vdrive IVe _; Lsi
£ o

Fig. 9. Circuit showing the parasitic inductances
influencing the switching behaviour.
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IV. PARALLELED IGBT’S SWITCHING
BEHAVIOUR.

The influence of the drive circuit, of the lay-

out and of the device parameters was verified

using the following conditions:

- 1 Gate drive with separate gate resistances
(fig.13).

- 2 Gate drive with one gate resistance
(fig.14).

-3 Unbalanced emitter-ground wiring
connection (fig.15).

- 4 Paralleling devices with the maximum
spread of the parameters.

The voltage and collector current waveforms

are stable in all conditions, even in the worst

case condition where the gates are driven with

a common resistance and the wiring

inductances are strongly unbalanced

A. Turn-on.

Photo 1,2 show that the drive circuit influence
on peak current balance is small and
photo 3 shows that the peak current
unbalance is significant in condition 3, where
Algy = 0.15uH.

P-MOS region\ Bipolar region

Va

e e e .

storage fall

Fig. 10. Gate voltage and current waveforms
during turn-off time.
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Cross-over energy (mdJ)
{STGP1ONSO

2.5 VaE = 1BV
Raoff =47 ohm
2 [+ 00 ¢
1.6
1
056
0 ,
0 5 0 16 20 26 230 36

Iswitch (A)

Fig. 11. Switching losses at turn-off V turn-oft

current.

r
)
Ra1 ':b\a
vd 2
Rg :\
O~ ad ~D

Fig. 13. Driving with separate gate resistance.

Yoo
x
Rg/2
WIRINGQ
] e UNBALANCE
O & L O

Fig. 15. Emitter ground wiring unbalance.
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1 5Nc:mallzm! Eco (Eco/Eco @ 100 C)

H
1.25
3
0.76
Py IS S—— STGP10NS0
Ic = 10Al
0.25 VgE=.18Y
RQ@Off -]47 ohm
n 1
[} 25 50 75 100 125 150

Ti(C)

Fig. 12. Influence of temperature on turn-off losses.

Vee
3
1
"
[N
Aa/2
oO—1_—3 p
Wd Y
O 1 0

Fig. 14. Driving with one gate resistance.

oPK 8
]

Photo 1. Turn-on with separate gate drive
(fig. 13) of an STGH8N100:
| = 2A/div., t = 200ns/div.
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IGBTs with the maximum difference in
parameter values were paralleled; the
comparison of current waveforms in photo 1
and 2 demonstrates that the influence of
parameter spread is low (Lg; = 30 nH).

B. Fall.

Photo 4 and 5 show that the wiring inductance
unbalance affects only the power-MOSFET
phase; but this behaviour creates negligible

Photo 2. Turn-on with one gate resistance
(fig. 14) of an STGH8N100;
| = 2A/div., t = 200ns/div.

switching loss unbalance in comparison to the
total turn- off switching losses.

The current unbalance just before current fall
that affects the tail amplitude can create
significant switching loss unbalance

(see fig 17).

C. Storage.

During the storage time, the spread of the
IGBTs parameters (g, Vy,) and the difference

Photo 3. Turn-on with unbalanced emitter-ground
wiring (fig. 15) of ‘a STGH8N100;
| = 2A/div., t = 200ns/div.

Photo 4. Turn-off with balanced gate-emitter
wiring (fig. 14) of a STGH8N100;
| = 2A/div., V = 200V/div., t = 500ns/div.

F SGS-THOMSON

Photo 5. Turn-off with unbalanced emitter-ground
wiring (fig. 15) of a STGH8N100;
| = 2A/div., V = 200V/div., t = 500ns/div.
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between storage times causes current
unbalance thus creating switching loss
unbalance.

Photo 6 shows the effect of the storage time
differences when the gates are driven with
separate gate resistances.

The collector current begins to fall in the
device with the smaller storage time,
consequently the current increases in the
other IGBT so increasing storage current
unbalance.

Driving the gates with only one gate resistance
minimize this effect (photo 7); the device with
the higher storage time hold the gate voltage
to “Vi+gslc” until the fall time phase, so
equalizing the storage times.

Current unbalance due to the IGBTs
parameter spread can be calculated with the
equations (2) and (3).

The curves of fig.16,17 show, respectively ,
storage current unbalance and the
consequent switching loss unbalance
between two devices where the V,;, and g,
values are the limits of the parameter spread.

Photo6. Effect of separate gate drive on
storage current waveform. | .=2A/div.,
Vg=200V/div., Vg =10V/div., t=500ns/div.
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loag = Hst + last = VaE (G1s1 + Gs2) -

(9rs1Viht + Jis2Vin2) ()
Istorage = ligt = lost = VaE 9151 - G1s2) -
(Gts1Vth1 ~ Yts2Vth2) @)

V. THERMAL STABILITY.

When IGBTs are connected in parallel the on-
state current is greater in the device with the
smaller Vispgyy (fig.2); thus, the power
dissipation and the junction temperature is
higher in this device.
This phenomenon can cause a thermal
instability because of the following reasons:
- Current unbalance increases when junction
temperature difference increases (fig.7 ).
- Switching loss unbalance increases when
junction temperature difference increases
(fig.12).
The thermal stability can be achieved by
mounting the paralleled IGBTs on the same
heatsink; in this way the heatsink works as a
negative feedback, because it transmits the
heat from the device with the higher T]- to the
device with the lower TJ- so reducing the
junction temperature difference.
in the ideal case where the thermal
resistances (R Ry ) are null, the thermal
stability is assured because the devices work
at the same temperature and the current
balance improves when the temperature
increases as shown in fig.6.
In real conditions the thermal resistances
“thj'h" are not negligible and the thermal
stability can be studied with the equivalent
thermal circuit of fig.18 which can be simulated
with the system shown in fig.19.
The behaviour of the system near the final
working point, is simulated using two
paralleled IGBTs driving a constant inductive
load; the devices are only active when the
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heatsink temperature is uniform and at the
final temperature which is independent of the
current balance as the equations (4),(5),(6)
(7),(8) show.

(Theatsink=Tamb.*Fih h-amb.(Vcgsanlc1+lc2)+

Switching losses) = const. (4)
lc1 + lga = I pap = const. (5)
VieEsat = Const. (6)
Switching losses = const. (7)

Photo 7. Turn-off with one gate drive resistance;
lg=2A/div., Vog=200V/div., Vg = 10V/
div., t = 500ns/div.

(le1 - 1c2)/toad (%)
00

80 \
80

STGP10N50

Ti=100¢C
{gla1-gfs2)/gte « 26%

{vih1-vth2)/vth = 26%

[ 10 15 20 26
LOAD CURRENT (A)

Fig. 16. Storage current unbalance versus load

current.

°Ci
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Tamp: = const. (8)

The stability was evaluated with the following

conditions:

- heatsink temperature constant (load
constant).

- Initial junction temperature equal to the
heatsink temperature {100°C).

- Turn-off current unbalance constant and
equal to the maximum value (worst case).

- Thermal capacitances disregarded.

f:‘:’.}
I=Il
L., =
L

o
V«oo

——TT

L : --l@s
mﬂll“hlﬂil
ERMEEREEEN

Photo 8. Comparison of current balance at
TJ=25°C and 100°C;1=2A/div.,t=10us/div.

Ecot- Eco2 {mJ)

0.36 r
0.3 i
0.26
0.2
0.16 -STGP1ONS0 ...
TI«t00C |
0.1 |
(gfs
0.06 in
1]
0 5 10 16 20 26

LOAD CURRENT (A)

Fig. 17. Switching losses unbalance due to
storage current unbalance.
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The blocks in fig.19 signify the following

computations:

1 - calculates initial current unbalance
(ATj = 0) depending on the output
characteristics of paralleled IGBTSs.

2 - Calculates junction temperature
difference depending on the on-state
current unbalance (Al ,) and on switching
current unbalance (Alg). '

AT, = Ry, * (A Power dissipation).

3 - Calculates the growth of current
unbalance (incr.Al) due to junction
temperature difference (fig.16).

If Ry, « is negligible (R, , << Ry, ih):

f(Algn) = Ry jp * APdgp =

Rthjh *VeEsat ™ (ton/T) * Algy =Kg * Al (9)

f(Alg, AT) = Ry j * Pd
Rinjn * f * AEgo(Alg . AT) (10)

switching ™

AE  (alg, AT]-) = AE ,(4lg,100°C)
* (1+4T; * Kg) (see fig.12,17) (11)
incr Aly, = Ky = ATj (see fig.7) (12)

The equation (13) is the transfer function of
the system.

X *
FRAME ; A : ATj =Kg* Al + Ry, in* frAE.,/
\ : . DE (1-(Kg * Ky + Kg = Ry, ih* AE., * f)) (13)
I—j L ; — Thermal stability is guaranteed if the equation
Rthjh —= Rth-ax = )
AR~ f (14) is true.
Heatsink ’
...................................... (KgKy + Kg Ry in* AE «fy< 1. (14)
Fig. 18. Equivalent thermal circuit.
A. Example of two paralleled STGP10N50FI
(Fully insulated package).
Conditions: = 15KHz
loap = 10A
EFFECT OF AVcpeat EFFECT OF RAthjh AvCEsat/VCEsaFZO%
lload Alon = WVeenatl o [ATh= [ {Alont+ | aTi,alon Rin ih = 35°C/W
o TisTini(} F @ +Flatm, T [ ton/T =05
OF Parameters Reference
—— AE,, =02 md See fig.17
. ) . Kg = 0.005/°C See fig.12
Fig. 19. Simulation of the temperature changes
for two paralleled IGBTSs. Ky =0.007 A/°C  See fig.7
10/13 .
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Algn (AT]:O) = 2A See fig.3

on

Vegsar = 2V

Solution of the equations (13) and (14):
KpKt+Kg* Rmih*AECO «f) =0.08 << 1 (15)

BYTI6P400A A | vee = 300V
; LOAD
2 « STGP1ONSD

"

R

47 ohm -

vd A ) ;(J:\)
5Y <

¢ 0

Fig.-20. Chopper circuit where paralleled IGBT
behaviour was checked.

wl || [/l ]

1'00“'0'»/ H1o0°c
IGBT2 [ IGBT1 o
25 °C /3_25 ‘c
A
[k

+ "AICG1OO'C -

=

7
//
/

Veesat
Output characteristics of the devices in
fig. 20 and estimation of current balance
at Tj1 = sz = 25°C and 100°C.

Fig.21.
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AT, = 19°C (16)
alon (AT, = 19°C) = 2.13 A (17)

The equations (15) (16) (17) show that the
thermal stability is very high even when the
devices are insulated and switching loss
unbalance is high (worst case).

The conditions studied in this paper were
carried out by mounting the paralleled devices
in the chopper circuit shown in fig.20.
Photo 8 shows the current balance
improvement when the heatsink temperature
increases (25°C - 100°C) and the devices are
working in the chopper circuit.

The fig.21 shows the output characteristics of
the paralleled devices and the estimated on-
state current.

VL. IGBTS IN THE ISOTOP PACKAGE.

To reduce parameter spread, the IGBTs dice
are mounted in the ISOTOP package with the
“die sister” technique; the thermal resistance
between the device junctions is reduced to a
minimum and the gates are connected in
parallel.

When the ISOTOP packages are paralleled,
they give the following advantages:

- The small and compact size of the package
(fig.22) and the low Ry value (0.5°C/W)
give a minimal thermal resistance between
the paralleled devices.

- This package was designed in order to
minimize emitter ground wiring effects; In
fact Isotop packages provide an auxiliary
emitter pin which makes it simple to
separate the driving circuit from the power
circuit (fig.22,23).

Photo 9 & 10 show that unbalanced wiring

connections have very little effect on the

11/13
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-

12 mm

.
is ”v = L-di/dt

Lo o

Fig. 22. Dimensions of the ISOTOP package and
schematic diagram showing an auxiliary
emitter pin.

O 1
S_. _%E_ =
. =
Fig. 23. Paralleling ISOTOP.
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PREAK IsoTop
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wPEAK IS0

-8 L N ARSARRNARN ,nw»p
8 iusagses
[ Loun | | dourbe -]

Photo 9. Turn-on of two TSGS50N50DV with
unbalanced emitter ground wiring.
Ic=25A/div. V 5g=10V/div. t=200ns/div.

Photo 10. Turn-off of two paralleled TSG50NS0DV.
lc = 25A/div. V¢ = 100V/div.
Ve = 10div. t = 1ps/div.

switching behaviour: the difference in length
of emitter ground connections is 15 cm.

It can be seen in photo 10 that there is no
peak voitage due to di/dt (V = L di/dt) on the
gate-emitter auxiliary pin during current rise.
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VIl. CONCLUSIONS.

The performances in terms of current balance,

thermal stability and switching behaviour

when SGS-THOMSON IGBT devices are

paralleled, are very satisfactory.

The transfer characteristics has no real

influence on current balance in the on-state.

The on state current and the switching current

balance are ensured respectively by the low

spread of the V., values and by the low

spread of device parameters.

High thermal stability is obtained by mounting

the paralleled devices on the same heatsink

even when the devices are insulated (mica,

insulated package).

For an optimum switching behaviour of

paralleled devices, it is necessary:

- to drive the gates with only one gate
resistance.

- to balance the emitter-ground wiring.

When IGBTs are in the ISOTOP package, the .

wiring unbalance tolerance is high and the

thermal resistance (Rthjh) is low; thus,the

advantages of the ISOTOP package are:

- easy to design the lay-out when paralleling
IGBTs in ISOTOP.

‘7_1 SGS-THOMSON

- small thermal resistance between the
junctions of paralleled devices; thus,
temperature difference between the junction
of the devices in parallel is reduced to a
minimal value.

REFERENCES.

[1] B. JAYANT BALIGA, “Temperature behaviour
of insulated gate transistor characteristics"; Solid
state electronics vol. 28 N° 3, pp 289-297, 1985.

[2] M. MELITO - F. PORTUESE, “Gate charge
leads to easy drive design for POWER MOSFET
circuits”, PCI June 1990.

[3] SEBOLD R. KORN, “Parallel operation of the
insulated gate transistor in switching
operations.”, PCl June 1986.

[4] D-S KUO, MEMBER IEEE, J-Y CHOI, D.
GIANDOMENICO, C HU, SENIOR MEMBER,
S.P. SAPP, K.A. SASSAMAN and BREGAR.,
"Modelling the turn-off characteristics of the
bipolar-mos transistor”, IEEE ELECTRON
DEVICE LETTERS, vol. EDL.6, N°5, MAY 1985.

[5] M. HIDESHIMA, T. KURAMOTO & A.
NAKAGAWA, “1000V 300A bipolar-mode
mosfet (IGBT) module”, Proceedings of 1988
International Symposium on Power
Semiconductor Devices, Tokyo, pp. 80-85.

13/13

MICROELECTROMIGCS

737





