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Losses in PWM inverters using IGBTs

F. Casanellas, CEng, MIEE

Indexing terms: 1IGBTs, PWM inverter, Power losses

Abstract: The aim of this paper is to calculate the
forward and switching losses of a PWM inverter
employing IGBTs using a relatively simple
method from manufacturers’ catalogue param-
eters, that is, finding a reasonable compromise
between accuracy and complexity. The system will
be able to calculate losses for different modulation
methods, provided the current output is sinus-
oidal. Part of the results can be used for other
devices, such as bipolar transistors or MOSFETs.

List of symbols

E,, = turn on energy loss
E,;, = turn off energy loss

E; = energy loss in diode
E; =energy loss in IGBT
F, = switching frequency
I = collector current

ICN = rated IC

Icy = maximum collector current
ic = instantaneous collector current
I, = recovery current

I,y = rated recovery current

M modulation depth

P; power loss in IGBT

P, = power loss in diode

P,, = turn on power loss

P,;; = turn off power loss
recovery power loss

i

I

]

r
Q,, = recovery charge
Q,,y = rated recovery charge
t = period
ty = fall time
tps = rated fall time
t, =rise time
t,y = rated rise time
t, = recovery time
t,y = rated recovery time
V., = DC bus voltage

Veg = collector-to-emitter voltage
Vegy = rated Vg
VCEO = thI‘eShOId VCE

Ve = diode forward voltage
Vey = rated V;

Veo = diode threshold voltage
o« = angle of current function
6 = dutycycle

© IEE, 1994

Paper 1349B (P6), first received 11th November 1993 and in revised
form 13th April 1994

The author is Consultant Engineer at C. Notariat 3, 08001 Barcelona,
Spain

IEE Proc.-Electr. Power Appl., Vol. 141, No. 5, September 1994

¢ = current lagging angle to voltage
T = carrier period
1 introduction

To calculate semiconductor losses in an inverter the
energy loss in every pulse during a cycle needs to be cal-
culated and then added. In a three-phase inverter the
current in one phase depends on the state of the switches
of the other phases and on the motor characteristics so
the waveform is very complex. The calculation of semi-
conductor losses is feasible using a computer program
which produces the pulse pattern and has a motor model.
To do this by using equations derived from analytical
methods, would be a quite impossible task, mainly
because of the complex modulation strategies design of
the third harmonic injection.

This approach has been tried using the method given
in Reference 1, which starts with a pulse by pulse calcu-
lation (for only one kind of modulation strategy), but
with the contradictory statement that the current is
sinusoidal (no ripple), which only makes sense if the
number of pulses tends to infinity. (Infinity here means
‘as large a number as necessary to obtain a result that is
below the allowed error’) To simplify the equations, at
the end of the calculations it is assumed that the number
of pulses is high. As will be seen, if this is assumed from
the start, calculation is much easier and it is feasible to
obtain equations for other modulation strategies.

Reference 2, on bipolar transistors, assumes that the
collector-to-emitter voltage is constant, which cannot be
assumed with IGBTs. It seems to use a wrong switching
pattern (assuming that current does not transfer from the
fly wheeling diode to the transistor).

High switching frequencies used today (3 kHz
minimum), give harmonic content of less than 5%. As
forward losses depend on current, even if the device is
only resistive (MOSFET), this cannot introduce an error
greater than about 10%. Because an IGBT is not purely
resistive, the error will be lower. In a usual IGBT
inverter, switching at around 6 kHz switching losses
account for about 50% of the overall losses, so the total
error in forward losses will be halved. An error of 5% for
a temperature drop of 40°C would give an error of only
2°C in heat sink temperature in the junction. The error
introduced, assuming a sinusoidal current, will be low for
practical applications. It will always be much lower than
the device parameter variation.

2 Forward losses

The typical voltage/current graph Vcg/Ip (Fig. 1) is
approximated by the following linear equation (this
implies a threshold voltage plus a resistive voltage drop,
the same assumption is made in Reference 1):

Veen — Ve
Vep == Ic + Vero ()
CN
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where Iy and V., are the rated (manufacturers
catalogue) current and the collector-to-emitter voltage at
the rated current.

100}
VCE

< L
g

5

o

t =125°C
Vro 1 Veeo 3 4
voltage,V
Fig. 1  IGBT and diode forward voltage

Note that all data should be taken at T; = 125°C, the
errors in data with the usual T;> 100° will be much
lower than those obtained at 25°C.)

The value of the threshold voltage V,, depends on the
type of IGBT used and the rated voltage. For second
generation 1200 V types, a convenient value for Vg, is
about 1 V (at 125°C).

The diode forward voltage follows an exponential law.
In the working range, we may simplify the equation,
approximating it to a linear law with the origin at Vg,
(see Fig. 1). This threshold voltage may be taken as 0.7 V

VFN — VI"O

= e

Ic + Vo )
where V¢, is the diode voltage drop at rated current.

If F(o) is the modulating function (—1 € F(a) < 1), 8
the angle between current and voltage and M the modu-
lation index (0 € M < 1), then the duty cycle § of the
voltage pulses, referred to the current angle « (Fig. 2) is

d =4[l + MF(x + 6)] (3)

1GBT .

!‘

| ,
| ]
| ‘

| \ \
MLL M |

IGBT and diode currents

U

diode
Fig. 2

As shown in Fig. 2, from « = 0 to o = =, the current cir-
culates through the main switch during a time dt of the
carrier period 1, and through the opposite diode during
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the time {1 — &)r. During the other half cycle (x = n—2n),
the IGBT is off, and only its parallel diode works.

Consequently, we need to calculate only the overall
losses during half a period. in order to obtain the total
losses of a switch (IGBT + diode). The energy loss of an
IGBT during a carrier period is

Ei = UCE ic 61’

Veen — Vi
= (—CE—”I—CQ ic + VC(,)iC%[l +MFa+&]t @)
CN

As we assume the current to be sinusoidal,

ic = Icp Sin a

and
Veen — Vo )
E, = (M Ty sin o + VCO>ICM
ICN
x sin a2{1 + MF(a + O]t (5)
or

Veen — Ve . .
E = %ICM<—CELICN—C(—’ Icp sin? a 4 Vg sin a)

x [1 + MF(a + )]t (6)

Steady state power losses will not change if the number
of pulses increases, because energy per pulse decreases
(because t decreases) in the same proportion as the
number of pulses increases, so the total energy will
remain the same.

This means that eqn. 6 may be converted to a differen-
tial equation. The average energy in a cycle will be the
integral of the differential energy during half a period.
The power will be the average energy divided by the full
period

da T 1
dt ZnT dE; 27rEI a P, TJ ; 7
giving
LIa7 —V
Pi=LICM MICMSinzl-l'%oSina
47'[ o ICN
x [1 + MF(a + 8)] do (8)

Similarly, the diode energy loss is
E;=vpidl — 9d)
= vpici[1l — MF(x + )]z 9
which, as calculated for the IGBT, gives

Veen — Vi . :
E;= %ICM<—C%—F° Icy sin? o + Vg sin a)
CN

x [1 — MF(x + O)]t (10)
And the power loss is
P, = Zl;r- Ienm J:: (KC%;&Q Icagsin® 2 + Vg sin a>
x [1 — MF(x + )] do (11)
In the case of sine modulation
F(a + 8) = sin (x + 0) (12)
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And the integration of eqns. 8 and 10 gives

1 M\ Vepy =V,
Pi=(g+ | —" 1%y see note 1
8  3nm Icn
1 M
+<£+§COSQ)VCOICM
1 Ven — V,
Pi=\3—3 )FN AN R gz, see note 1
M
+ ————cos() Vio Icm (13)
2n 8

Note that these results are the same as those given in
Reference 1. If, in eqn. 13 we made Vpo =0 and Vo =0
the equations given in the introductory part of Reference
3 are obtained (although there seems to be a sign error in
the diode losses).

For sine modulation with the third harmonic

2 .
Fla+8) = m [sin (x + 6) + £ sin (3(x + 0))] (14)
Which, when integrated, gives
[ 2y NiE)
P,-—|:8+ or M cos 8 — T M cos 30
x VCEN — VCO I%M
Ien
+ (21: + \/1(2 M cos 0>VCO Ienm
_[1_xo,, NE)
P,,—|:8— or 0+45 M cos 36
X VCEN — VCO I%‘M
ICN
1

These last equations are important because they can be
used for other modulation systems which also give 100%
output voltage, such as bus clamping and vector modula-
tion. Results, using numerical integration, showed insig-
nificant differences (less than 0.2%) when these equations
were used. This is not surprising, because the voltage
average waveforms are very similar. From a theoretical
point of view, it is interesting to note that if the modula-
tion depth is divided by the factor 2/,/(3) (the overmodu-
lation ratio of these strategies), the results are very close
to those obtained from eqns. 13.

MOSFET inverter: Previous equations can be used for
MOSFETs with

Vco =0 VCEN = ICMN Ron

and for other kinds of power switch, with the appropriate
value of V.

3 Switching losses

3.1 Turn-on losses

If the IGBT were an ideal switch, with no delay times,
turn-on di/dt would be V, /L, where L is the self-
inductance of the circuit. In practical circuits with low
inductance and reasonable gate resistor values, rise time
is determined basically by the gate resistor. Manufac-

IEE Proc.-Electr. Power Appl., Vol. 141, No. 5, September 1994
Note 1: Errata. Instead of M, must say M cos@

turers’ catalogues show the rise time for different gate
resistor values.

Fig. 3 shows typical switching waveforms. di/dt during
turn-on is fairly constant. This means that rise time can

drL
dt P
3 Vee
< Ler
o 2 4y
5 t
3 b
T ter
g
s le Vee le
>
1
fe—t, — time, t [ PR

Fig. 3  Typical switching waveforms

be considered to be proportional to the switching
current. If ¢,y is the rated rise time at rated current

E, = J V.. —td =3V, ict,
0 r
=1V ict ‘c
- cc FC4rN .
ICN
I in2
Epp = 4V tyy -2 (16)
ICN
The average energy loss in the full period is
1 T
Eon(au) = % J; Eon d(l
1 12 n
V.t sin? a do
4 cc “rN ICNJ;)
12
Eognary = $Vee tn 7 17
Icn
so the power, at switching frequency F| is
12
P, =3V, t,n-2F, (18)
¥l

3.2 Turn-off losses

From manufacturers’ catalogues and experimental data
[4-7], it is clear that fall time (t,) does not change much
with current. This fact may be explained as follows.

From Fig. 3, it can be seen that the initial rate of
decay is very fast. However, when the current reaches a
certain limit, it decreases logarithmically (tail current).
Therefore the predominant time, unless the current is
very low, is due to the current tail characteristic.

Fall time increases greatly with temperature, so data
at 25°C are absolutely meaningless. The change of fall
time with current depends on the proportion of tail
current time over the initial fall time. Although data from
manufacturers differ, as a general rule, at 125°C, fall time
increases by about 40% when current changes from 20 to
100% of its rated value. This can be approximated with
the linear function

2 1 i
r,~<3 + = 3 ICN>th (19)
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Table 1: Comparison of experimental and measured losses

Parameter
leen. A 15 15 15 15 75
louer RMS, A 39 5.2 5 285 24
Veen. V 25 25 25 2.5 25
Ven 1.8 18 1.8 1.8 22
V.. V 580 580 540 580 580
F,., Hz 6000 5700 10 800 5400 5700
cos 6 08 0.8 0.8 0.8 0.85
M, % 100 90 90 920 95
t,. ns 200 200 200 200 200
t,, Ns 200 200 200 200 300
a,,, nC 200 200 200 200 1100
t,,, ns 200 200 200 200 200
Ambient temperature, °C 40 42 26 42 42
Heat sink, °C/W 0.54 0.54 0.54 0.54 0.22
Extra losses, W 11.7 129 12.2 9.2 45
Heat sink, °C 62 65 54.6 563 90
Calculated values
Heat sink, °C 60.3 68.4 57.2 56.1 90.3
Losses in W per switch
IGBT on losses 2.2 31 29 14 145
Diode on losses 0.2 04 0.4 0.2 1.6
Turn-on and recovery losses 1.5 1.9 3.2 0.9 8.7
Turn-off losses 0.5 0.6 1.0 0.3 4.2
And, as before I,. and ¢, (divided by 2), it means that Q,, increases at
E .. —ly i least three times between 25°C and 125°C. This explains
off 7 27ec "CSN why some manufactures give useless data at 25°C.
N Too often, recovery data are specified at a di/dt which
Eopp = Ve Iem| 3sin a™+ g sin” « 1.y is much lower than the normal working value. As a
N manufacturers’ catalogue example, the typical rise time of
E 1 [" E . 4 an 100 A IGBT is specified as 300 ns. This gives a typical
offlar) = 5o L o & (20) di/dt of 330 A/us. However, recovery time is specified at
) 100 A/us (and at 25°C, of course).
The power loss is The relationship between t,, and the current is taken
1 1 Iep from manufacturer data (see References 4-7 and
Por=Voeleytsy Fs(g + %1 ) (21)  catalogues). Averaging different measurements at 125°C,
CN

If the fall time had been considered to be constant the
factor 0.93 would have been 1.

During the fast falling period, some overvoltage
occurs. This could be taken into account in the calcu-
lation. However, the di/dt is only very high for a short
time, so the overvoltage pulse is very short and the
increase in losses is relatively very small.

4 Recovery losses

Eqn. 18 gives us the losses for the switching interval 1 to
2 (Fig. 3). After time 2, the current in the IGBT increases
beyond the load current, owing to the stored charges in
the opposite diode. At time 3, a depletion region is
formed, the diode begins to support the voltage, stored
charges disappear by recombination, and the collector
voltage begins to fall. At time 4, recovery current is zero
(in fact 10% of 1,,).

From time 2 to time 3, V,, is supported by the IGBT.
Almost all losses are generated in it. Current follows in a
near triangular shape, so with 1,, being the peak recovery
current, the IGBT current may be calculated as a linear
function of i

i=1, = +ic @2)
The recovery time (t,,) and I,, change with temperature
(increasing on average 70% from 25°C to 125°C; this
seems to be the disadvantage of using a minority charge
killer). 1,, increases in the same proportion or may even
double, between 25°C and 125°C. As Q,, is the product of
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the following linear relationship is approximated

L, ~ (0.8 +02 ’—C)t,,,, (23)

ICN

And with these value in eqn. 22, integrating up to t, we
obtain

Erm = Vcc ta<0'351rrN + 015 i IrrN + lC) (24)
Ien

From time 3 to time 4, losses are generated in the diode

and in the IGBT. Voltage reaches zero at a point which

corresponds to about the full recovery of the diode.

The instantaneous power loss in the IGBT is Vigic,
and in the diode, (V,, — Vcg)ic. The total power loss is
Vegpic + (V.. — Veglic = V. ic, exactly the same as that
during time ¢,. So, calculation is simplified if diode and
transistor losses do not need to be calculated separately.
The equation used will be eqn. 23, substituting ¢, for ¢,.

The total recovery energy is

Err = Vcc trr(0'351rrN + 015 I—lg— IrrN + lC)

CN

E, =V, t,,N<0.8 +02 I—’C—>

CN.

x (0-351"~ +015-5 1,0 + ic) (25)

i
Iew
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And the total power loss is

P, =12 f E, do (26)

2z Jo

Taking into account that i = I,, sin «

0.3 Tea\?
P,=F,V, [(0.28 ;938 IIC—M + 0.015(—%’-) >

T IcN Icy

0.8 I
X Oy + (7 + 0.05 f—”)lw t,,,N:| 27

CN

Two interesting cases are

Ieyy =1y

Prr = Fs I/(,'0(0'416erN + 030510M trrN)

Iey = %ICN

P,=FV (0367Q, 5 + 02881cpt,.x) (28)

The second case corresponds to a load current allowing
150% overload. If recovery time and current had been
considered to be constant, the coefficients of the equation
would have been 1/2 and 1/x.

Note that in the case of ‘bus clamping’ modulation, the
switching frequency has to be taken as 2/3 of its real
value, as every IGBT is inactive for 1/3 of the cycle.

5 Comparison with measured losses

Measurements were made in a new range of three-phase
IGBT inverters, with sine modulation with the third har-
monic injection. Heat sink thermal resistance was mea-
sured using resistors giving the expected power. IGBT
parameters were checked using an oscilloscope and found
to be close to typical values. The IGBTs used were Mit-
subishi, E range (1200V); Vego =1V, Vi =07 V. All
IGBTs were mounted in the same heat sink, with the rec-
tifier. ‘Extra losses’ include rectifier losses and losses of a
MOSFET attached to the same heat sink. The experi-
mental and calculated results are given in Table 1.

6 Conclusion

The results for on state losses can be used for any power
switch, by just modifying the value of the threshold
voltage V¢, and are useful for almost any modulation
strategy.

IEE Proc.-Electr. Power Appl., Vol. 141, No. 5, September 1994

The equations for turn-on losses may be applied to
most semiconductors. However the equations for turn-off
and recovery losses have to be regarded with more cir-
cumspection, as they depend mainly on the physics of a
particular device (i.e. method for getting rid of the stored
charges) and can only be applied to IGBTs of the second
generation. However, the procedure shown can be easily
followed to suit other IGBTs of future generations, to
adapt them better to a particular brand or to use them
for other devices.

From the experiments and computer simulation, it can
be deduced that conducting and switching losses can be
calculated quite accurately, provided that the device
parameters are well known. As a practical rule, a result
with an average error of 10% or less should be expected
if parameters are correct. The worst case that was found
had 15% error. No correlation with the size of error and
the power factor or modulation index was found.

At the same modulation depth, sine modulation gives
slightly less IGBT conducting losses (about 6%) and
more diode losses than other methods, but this is because
it only reaches 86.6% of the full voltage. Third harmonic
injection or vector modulation at 86.6% of modulation
depth, give almost the same results.

Third harmonic injection, vector modulation and bus
clamping all give the same forward losses (less than 0.5%
difference was found in the computer simulation), so
eqns. 15 can be used for all these methods. Eqns. 15 can
be considered to be general equations if, for sine modula-
tion, modulation depth is multiplied by the factor ,/(3/2).
As expected, bus clamping gives less switching losses (2/3)
than the other methods.
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