A FEASIBLE LOSSMODEL FOR IGBT
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Abstract — This paper proposes an efficient loss model
to estimate IGBT losses at operating points not given in
data sheets. It investigates power losses of IGBT as a
function of the circuit its and operating parametersin or-
der to help the device selection for a given application.
Loss models for hard switching and soft switching are de-
veloped based on experimental determination of the
power losses.
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I. INTRODUCTION

IGBT is among the most used power semiconductor de-
vices in power dectronics applications. Although IGBT’s
have improved dramatically in terms of their conduction and
switching losses [1], management of these power losses re-
mains as akey issue in IGBT based power converters design.
The device selection often involves a trade-off between fast
switching characteristics (i.e., lower switching losses) and
lower on-state conduction losses. In addition, many other pa-
rameters that affect the device losses must be considered,
such as gate drive circuit parameters, temperature, and
switching pattern. It is obvioudly very important for the con-
verter designer to have good models for loss estimation. Data
sheets from devices usualy have limited data for limited op-
erating conditions and fixed parameters. It isthe device user’s
task to come up with a loss model that applies to the actual
operating conditions.

Usually, two different types of equations are used to rep-
resent losses in IGBT: power equations[2] or linear equations
[3,4]. These equations can be used, for instance, to estimate
losses in a PWM voltage source inverter. But the results only
compare PWM methods and it is not clear which type of
equation is the best approximation to reproduce IGBT losses.
On the other hand, equations can be developed to estimate
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losses produced by specific PWM strategies in hard [3] and
soft-switching inverters [5]. In addition, not always the condi-
tions of operation coincide with those given in the restrict
data sheets (different current, temperature, gate drive resis-
tance). In these cases it is possible to calculate the device
conduction and switching losses by generating the necessary
information from tabular information together with interpola-
tion of graphs in data sheets and the knowledge of the current
waveform. This is also possible with the use of mode pa
rameters derived from tables. Unfortunately, in most design
problems the temperature junction is unknown and fixed tem-
perature parameters is not useful. A linear regression is then
done. The case is more complex when the IGBT operates un-
der different soft switching conditions in different applica-
tions (hard-switching, HS, zero-voltage-switching, ZV'S, zero-
current-switching, ZCS, and zero-voltage-zero-current switch-
ing, ZVZCS) [6]-[8]. One possihility is to measure |osses di-
rectly in the power converter assembly. But besides the diffi-
culties due to the resolution for precise measurement and the
influence of parasites or additional components, this becomes
a hard task when the efficiency of a large number of topolo-
giesis to be compared. These problems can be overcome by
deriving the model parameters from measurement since they
are more accurate than those obtained from linear regression
[2]. This can be done from basic test circuits in which the de-
vice is tested under different conditions. An alternative to this
is to simulate the test circuit in SPICE using the SPICE mod-
els of the device.

The approach investigated in this paper alows the optimal
choice of IGBT’s for any application using loss models that
take into account several variables in a same equation. The
energy loss models are obtained from tables built from ex-
perimental results and a curve fitting technique. The use of
mathematical models based on polynomial equations of sec-
ond order obtained from experimental tests are compared to
those obtained with the use of IGBT SPICE models and to
those obtained from the use of equations of first order. The



proposed selection method is not restricted to IGBT's, but
can also be employed with other power semiconductors.

1. DESCRIPTION OF THE LOSS MODEL

This section presents the methodology that allows compar-
ing losses of converters by simulation. In the methodology
presented here for the study of losses, the physics of the de-
vices is not included in the models. However, mathematical
models are used to represent the behavior of the devices at the
required situations.

A. Conduction losses
The conduction energy losses in an IGBT or a diode can
be expressed as
tc
Ec = 6UC(I)I(t)dt (1)

where E is the conduction energy, U is the conduction
voltage or collector-emitter on-state voltage drop, | isthe col-
lector current, and t is the conduction time. The conduction
voltage is a function of current and temperature. At a given
temperature, the relationship between U and | is generally

nonlinear but usually characterized by a linear equation. Al-
though a linear approximation is often used, a second order
polynomial equation is a better characterization of the con-
duction voltage. The general relation for the polynomial equa-
tionis

Ug=ag +be O +CCEI2

)

where a_, b, C, are coefficients from curve fitting of data

provided from the device data sheets or test data. It is impor-
tant to use atest circuit to characterize the device because dif-
ferent operating points can be measured, allowing the inclu-
sion of different parametersin the loss models.

The curves in Fig. 1 compare the voltage drop of IGBT
CM150DY-24H as obtained from experimental data, from
simulation of the test circuit using the IGBT SPICE model,
and from data sheet for temperatures usually given in data
sheet. Note that for a temperature of 25°C the three curves
converge. However, for 125°C the results obtained with
SPICE (model for 25°C) and from data sheet diverge, with an
error of 20% in some of the points.

In order to consider the temperature effects, the conduc-
tion losses equation needs to have more terms and a better
approximation can be obtained by using a power eguation,
that is,

Ug=ap T +p, TP

‘0+cem%n?

©)

Table | shows the comparison of experimenta data with
the estimated conduction losses by the use of equation (3) at
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Fig.1l. Characteristics of conduction (IGBT CM150DY -
24H): (@ T =25°C; () T=125°C

different current and temperature conditions for a given
IGBT. In the table, the conduction voltage is shown for three
different temperatures (25°C, 75°C and 125°C). The small
errors obtained confirm the validity of the model.

B. Switching losses

Switching losses can be characterized similarly to the con-
duction losses but instead more variables must be included. In
addition to current and temperature, hard switching losses are
function of the dc voltage and gate drive resistance. Also the
diode reverse recovery is an integral part of the switching
process and affects the overall losses. Turn-on and turn-off
losses must also be considered in separate. A second order
polynomial will be used here because results are more accu-
rate when compared to other approximations.

Switching losses in an IGBT or a diode can be expressed

TABLEI
Comparison of the conduction voltage model for
threedifferent temperatures

1 (A) 0 50 100 150

Uc (V) Experim 0.77 1.69 2.33 2.70
T=25°C Equation 0.78 1.70 2.35 2.72
Uc (V) Experim 0.76 1.64 2.25 2.58
T=75°C Equation 0.76 1.63 2.23 2.55
Uc (V) Experim 0.73 1.58 2.15 2.45
T=125°C Equation 0.75 1.60 217 247
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where Eg, isthe switching energy, E isthe voltage across the
switch and R is the gate drive resistance.

Figures 2(a) and 2(b) show the curve fitting results for turn-
off and turn-on energy, respectively, for different tempera-

tures and voltages. In these figures the energy estimated from @
equation (4) is compared to experimental results. 16 ol lin- equation F
From waveforms obtained with the test circuit, the switch- L F

dotted line - experimental
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These losses are compared to the experimental onesin Fig. 3.
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Fig.2 Energy losses for IGBT CM150DY-24H IGBT

under HS and different voltages and temperatures: (a) Fig.4. Energy losses versus L, for an IGBT under ZCS con-
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Fig.5. Experimental circuitsto test (a) ZVS and (b) ZCS opera-

tion

The switching energy losses are compared to the experimental
onesin Fig. 4, for turn-on and turn-off.

The waveforms obtained from the test circuits (Fig. 5) are
shown in Fig. 6 and Fig. 7 for ZVS and ZCS conditions, re-
spectively.

The loss models obtained are then introduced in a smula-
tion program to evaluate losses of any converter under any
operating condition. Two application examples will be dis-
cussed next.
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Fig.6. Experimental results for an IGBT under ZVS condi-
tion: (a) turn-off and (b) turn-on. Loss energy (top); voltage
(100v/div.); and current (50A/div.)
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Fig.7. Experimental resultsfor an IGBT under ZCS condi-
tion: (@) turn-off and (b) turn-on. L oss energy (top); voltage
(50v/div.); and current (50A/div.)

I11. APPLICATION EXAMPLES

The method described in section 11 was applied in two dif-
ferent cases.

A. Example 1

Space Vector Modulation (SVM) is nowadays the PWM
technique most used to control hard and soft-switched invert-
ers. SVM is based on the concept of approximating a rotating
reference voltage space vector with those realizable on a
three-phase inverter, that is, six possible switching states plus
two free wheeling states of the inverter. An optimal pulse
width modulation is obtained on a volt-second average basis
if only the three switching states adjacent to the reference
vector are used [9]. In this case each phase is switched in se-
quence in such a way that switching only one inverter leg per-
forms the transition from one state to the next. A possihility to
reduce the number of switching is the Two-Phase Modulation
in which only two phases are modulated while the third phase
is clamped to the positive or negative DC rail. Since clamping
implies in no switching losses, such technique reduces losses
in each switching period.

The method in section |1 was applied in the case of design
of an IGBT-based three-phase PWM voltage source inverter.
Table 2 shows the average power losses for a 4kW inverter.
Four different PWM techniques were tested: sinusoidal PWM
(SPWM), continuous PWM (CPWM) and two discontinuous
PWM (DPWM) techniques. DPWM1 always use the bottom



switches for freewheeling while DPWM2 always uses top
switches for freewheeling. Simulation using the proposed
equations and experimental results are shown in the table.

The modulation index was defined as

m= 2V, /+/3E )

where Vy, is the amplitude of the line voltage and E isthe DC
link voltage. The m index assumes values between 0 and

2/+/3 . For m= 1, the inverter output rms voltage is 173.2V.

In table Il the maximum error between experimental results
and simulated results using the proposed equations is about
1.5%. So the model results are in the acceptable range be-
cause errors are small and the equipment used to do the tests
has 2% tolerance error. The worst case occurred for DPWM2.
The advantage of having a better estimation for losses is re-
flected on the junction temperature and consequently on the
thermal design. The main advantage of using simulation com-
bined with the proposed equationsis that it is possible include
the real temperature in the device. Considering the thermal
resistance for the IGBT and diode, the junction temperature
can be estimated and the losses can be considered for that
value. The use of a good model improves the therma design
that is one of most expensive partsin a project.

B. Example 2

The Quasi-Square-Wave (QSW) voltage converters use
ZVS, ZCS, or simultaneous application of ZVS and ZCS
conditions. In addition, it has already been shown that the har-
monic content in QSW invertersis not too far from that of the
conventional schemes. In these circuits, the DC-link voltage is
shaped by a single auxiliary wave shaping circuit so that its
waveform becomes null in a resonant mode alowing the
bridge switches to commutate under soft-switched condition.
One example of a QSW inverter is shown in Fig. 8(a). It is
claimed to produce less |oss than other QSW topologies [10].
On the other hand, the Auxiliary Resonant Commutated Pole
(ARCP), Fig. 8(b), has one auxiliary circuit per leg (loca
commutation). This inverter has been shown to produce fewer
losses among a number of examined soft-switched topologies
with local commutation [11]. However, it is also less efficient
than the hard-switched inverter for a switching frequency up
to 10 kHz [12].

The validity of the proposed technique was verified by

TABLE Il
Application Example 1
 E=200V,R=7.4Q,l . =27A
Conditions:
m=1 pf =0.99, f, = 20kHz
PWM Practical Simulation with | Simulation without
T effect T effect
SPWM 95.6 % 97.0% 97.7%
CPWM 95.8 % 96.7 % 97.4%
DPWM1 95.8 % 96.7 % 97.5%
DPWM?2 96.4 % 97.9% 98.3%
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Fig.8. Examples of voltageinverters: (a) QSW and (b) ARCP

measurement of losses in the equivalent circuit (one phase-
leg) of the QSW inverter in Fig. 8(a). In Fig. 9 the calculated
efficiency is compared to the experimental efficiency of the
QSW inverter. To obtain these results a dc load (R=11Q,
L=0.5mH) was used and the power changed from 225W
(50V, 4.5A) to 5625W (250V, 22.5A). Note that the maxi-
mum error between the experimental results and the simulated
results using the proposed equations is about 0.6%. This vali-
dates the technique since the errors are small. Note, also, that
the largest error occurs for low power.

Figure 10 compares the losses of the hard-switched, ARCP
and QSW inverters, at 150A when the frequency varies from
10 kHz to 50 kHz. All of them are fed from a voltage source
of 500 V, use 20 kHz IGBT’s, and supply a three-phase R-L
load with a power factor of approximately 0.866. The current
| refers to the maximum value of the sinusoidal current in the
inverter output.

All topologies have been considered to operate with a
PWM technique that takes into account the load phase angle
[13]. A simulation program has been developed including the
loss models of devices and taking into account he PWM strat-
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Fig.9. Comparison of experimental and calculated efficien-
ciesfor the QSW inverter in Fig. 8
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Fig.10. Comparison of efficiency in HS, ARCP, and QSW in-
verterswith IGBT operating at E=500V and 1=150A

egy. Such a program is basically that used to digitally control
the converter in practice.

The results in Fig. 10 favor the ARCP inverter in the fre-
quency range examined. The efficiency of the QSW inverter
is close to that of the ARCP inverter, the 0.4% difference be-
ing is mainly due to the losses in Si.. The HS inverter pre-
sents the worst results and deteriorates as the frequency of
operation increases.

IV. CONCLUSION

The objective of this paper is to propose a method of
losses estimation for any application using IGBT. The pro-
posed models help designers to choose an IGBT for specific
conditions regardless the conditions specified in the device
data sheet. The models are based on experimental results car-
ried out with simple circuits to measure conduction and
switching losses for the chosen device. By changing condi-
tions, the user can get enough data to build models and esti-
mate losses for his specific application. The models are
shown to be efficient for estimation of IGBT losses at operat-
ing points that are different from those indicated in data
sheets, inclusive when the IGBT operates under soft switch-
ing conditions.
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