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Abstract:

ABB has recently released a new simulation tool based on Microsoft Excel for dimensioning of two level

voltage source IGBT converters.

The tool allows the calculation of switching and conduction losses under the assumption of sinusoidal
output currents. Additionally static and transient temperature rises in the module and an optionally
specified heatsink can be calculated. The losses in the IGBT and companion freewheeling diode are

iteratively adjusted to the temperaturerises.

Thereforethe calculation resultsallow a quick selection of ABB IGBT modulesfor the planned application.

I ntroduction:
The calculation of the conduction and switching losses
of the IGBT and the freewheeling diode are done based
on the application parameters.
As application parameters the DC-link voltage, output
frequency, switching frequency, modulation index and
the power factor cos ¢ can be specified.
If the maximum permissible output current has to be
calculated the junction and case or heatsink temperature
needs to be specified. In this case the permissible output
current can be read out of a diagram or directly
calculated by using the solver.
If the output current is given the simulation tool
calculates with 10 iterations the losses and temperature
rise of the module.
Additionally it is possible to calculate the temperature
risein an optionally specified cooler. In addition special
overload conditions can be specified and the simulation
tool calculates the temperature excursion during
overload in the heatsink and the module. Again the
losses are iteratively adjusted to the junction
temperature.

L oss Calculation:
The simulation tool offers a relatively exact and fast
method for loss calculation.
The model data for the IGBT modules are based on
their respective data-sheet values.
The calculations are done with a linear approximation
of the devices forward characteristics and with a
polynomial function of the IGBT and diode switching
energy. Additionally the forward and switching-energy
characteristics are temperature dependent.
The power dissipation calculation of the IGBT and
diode are done by an average calculation for the
conduction and switching losses over one period Tq of
the output frequency. This method does not require
adding up the switching energies[1].

IGBT loss calculation: Since the IGBT of one switch
conducts only over one half period the conduction

losses are given by the integration of the forward losses
(V ceo, fce including Rec+Reg) up to To/2:
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with t(t) as the function of pulse pattern with IGBT
turned-on=1 and IGBT turned-off=0. t(t) can be
substituted by a function of modulation (m) and phase
angle (0).

With an infinite switching frequency we get the duty
cycle variation over time (PWM pattern).

() = %(1+ msin(at + ¢))

Inserting t(t) into the formula and solving the integral
we get the conduction losses:
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The simulation tool restricts the modulation index to
mM<1 which is the linear mode of the PWM.

The switching losses are the sum of all turn-on and turn-
off energies at the switching events.

The measured turn-on and turn-off energies given in the
data-sheet can be described as a polynomial function
(Esw=f(1)):
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Since the DC-link voltage can vary in different
applications the dependence of the switching energy on
the DC-voltage needs to be considered. Within certain
limits this dependence can be assumed linear:
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To calculate the switching losses the switching energies
have to be added up.
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whereas n depends on the switching freguency.
Therefore we can calculate the switching losses as a

function of phase-current and switching frequency.
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The total IGBT losses are the sum of the conduction-
and switching losses:
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Diode loss calculation:
The diode losses can be nearly calculated the same way
as the IGBT. Since the freewheeling diode conducts
when the IGBT is turned-off the function of the pulse
pattern has to be negated'
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In case of the diode the turn-on energy can be neglected.
Therefore only the recovery energy counts. The
recovery energy given in the data-sheet diagram can be
described as a polynomial function:
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The recovery losses as a function of phase-current and
switching frequency and Vpc can be written as:
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The total Diode losses are the sum of the conduction-
and switching losses:

PDiode = P

cond + Psw

Thermal Calculation:
The loss calculation yields in average losses over one
period of the output frequency. In fact the losses per
switch only occurs during one half-period whereas
during the other half period the antagonist switch is
producing losses.
Figure 1 shows in the upper graph a PWM chopped
current as it appears in case of a two level VSI. In
addition the resulting junction temperature is shown
(calculated with THIMP V3.08). It is obvious that the
junction temperature oscillates with the frequency of the
output current. In the lower graph the corresponding
losses Psmoothed (THIMP) are shown. As a
comparison the calculated average losses (Pav) from
simulation tool are given (dashed line).
If the junction temperature is caculated with
Tiaw = Pa * Ry evidently the pesk value of junction
temperature exceeds the result of T; calculated with the
average losses Py,. Therefore the calculation of T; with
average losses yieldsin ato optimistic value.
In order to minimize this inaccuracy the simulation tool
calculates with Pmod which is two times the average
losses P,, dissipated during one half period of the phase
current. The resulting junction temperature Timeq iS
shown in the lower graph of figure 1 and matches in
terms of the peak and bottom values quite well with the
real value of T;.
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Figure 1: junction temperature as a function of fo
The maximum junction temperature T,; max in function
of the phase output current frequency fo can be

calculated if the transient thermal resistance is known:
2

l erOT
T\/]max =2 PAV ZR—l

1 e foti

+T.4




With T, as the reference heatsink temperature Ty, for
base-less modules or case temperature T, for based
modules.

Heatsink and Transient Calculations:
In addition to the module calculation the simulation tool
allows the user to calculate the temperature rises and
module losses of the IGBT-module together with a
specified cooler.
The simulation tool uses a simplified approach to
calculate temperature rises and crosstalk effects. This
has the advantage that the calculations can be done with
the given values in the module- and heatsink data-
sheets.
More accurate methods based on finite element
calculation require specific knowledge about module
and cooler construction and need lots of time for
parameter extraction.
On the other hand the simplified method of the
simulation tool allows quick and accurate simulation
without detailed knowledge on cooler and module
construction.

Thermal equivalent block diagram:

The simplification done in the simulation tool is the
assumption of common reference temperature point
where the temperature is assumed to be homogenous
over the full area. In case of base-less devices this
reference is the heatsink temperature (figure 2):
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Figure 2: thermal equivalent block diagram for base-less devices

The dtatic calculation of the temperature rise in the
heatsink can be calculate with the thermal resistance of
the cooler and the number of dissipating heat sources
mounted on it:

TH :TA + (PIGBT + PDiode) ‘Ng- RthHA

With ng as the number of switches mounted on the
cooler.

For based devices the reference is the case temperature.
The thermal characteristics of devices with a base-plate
(copper or AISIC) is normally specified with a Zgsc
(thermal impedance junction — case) for the IGBT and
Diode part. Additionally the interface resistance case-
heatsink Ry is given for the whole module. Figure 3

shows the therma equivaent block diagram for

modul es with base-plate:

Based Modules

Switch 1 Switch n

PIGBT PDiode
Zthic Zthic

ZthiC

PIGBT PDiode
Zthic
Iy

RthCH

:

Reference: Tc

ZthHA

Figure 3: thermal equivalent block diagram for devices with base-
plate

Asin case of base-less modules the static calculation of
the temperature rise in the heatsink can be calculate with
the thermal resistance of the cooler and the number of
dissipating heat sources mounted on it:

TH =TA + (PIGBT + PDiode) ‘Ng - R[hHA

Additionally the temperature rise in the interface ATy
needs to be calculated. Since it is possible more than
one module is mounted on the heatsink and that the heat
sources are distributed in several modules, as for
example in a three phase inverter built with three halve-
bridge modules mounted on a single cooler, it becomes
necessary to scale the interface resistance accordingly:

R[hCH

ATey = (Pger * Poioge) ' Ng ——
nM

With ny as the number of modules mounted on a single
heatsink.

In order to calculate the temperature dependent
semiconductor losses the simulation tool adjusts the
junction temperature and the corresponding losses in
severa iterations. Depending on the module type and
the calculation (with / without heatsink) the calculation
starts with the initial conditions T,; = Ta, Tyj = Ty Or Ty
= TC .

Transient Overload Calculation:

The simulation tool offers the possibility to additionally
calculate the transient thermal behavior of the IGBT
module and the heatsink. For the transient calculation
overload conditions can be specified. In order to have
full flexibility the start conditions of the temperature
excursion calculation need to be specified. Thisincludes
the overload duration, the start junction temperature and
the start case or heatsink temperature.

Therefore it is possible to study the transient thermal
behavior from any temperature level and even the



thermal recovery behavior from an overload can be
computed.

The transient temperature rise can be calculated with the
thermal impedance.

Z,=Y R -(1-¢")

The temperature rise AT(t) is a function of Zth(t) and
the temperature dependent power dissipation in the
semiconductor P(T).

Tstar t
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In order to include the starting conditions for AT the
first term is introduced. AT start/Rth describes the initial
constant power that resulted in ATstart. This deposited
power influences the therma behavior until
Zth(t)=Rth(t).

The second term describes the heating with the
temperature dependant power P(T). Since T isaswell a
function of the dissipated power and the thermal
impedance iterations are necessary to get an accurate
result.

For the transient heatsink temperature we can write:

THstart

T (O)=Ty+(-

hHA

whereas P(T) depends on the number of switches
mounted on the heatsink

P(I') = (PIGBT (T) + PDiode(T)) Ny

For the transient average junction temperature we can
write:

The approach is to calculate the temperature ripple at
the end of the overload pulse and add it to the calculated
average temperature:
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Thisisvalid as long as the Zth(t) of the module is close
to its Rth value. For most modules this is the case
between 0.5 and 1s. Below this time span the values for
Ty ma(t) are dlightly optimistic. Therefore the
simulation tool does not alow transient calculations
with duration below 1s.

Usage:

The simulation tool consists of two excel sheets. In the
output sheet (figure 4) the application specific
parameters such as output current, DC-voltage, output
frequency, switching frequency, modulation, load power
factor and the temperatures can be specified.
Additionally a device has to be selected in the drop-
down menu. The selected device is confirmed in the
blue field and the electrical and thermal models of the
device are loaded.

The calculation results are shown below and include
conduction and switching losses as well as the
maximum junction temperature and the output

2) - Zpin () + P(T) - Z,, 4 (t)frequency dependent ripple of the junction temperature.

With the button solve for | s the solver calculates the
maximum permittable current if the case/heatsink and
junction temperatures are specified. This feature
requires the properly installed solver plug-in.
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In case of modules with a base plate Ty has to be
replaced with T and Ry, and Zy,3 have to be replaced
with Ry and Zyxe respectively. In addition the
temperature drop across the interface ATy has to be
calculated. Since the interface has no heatcapacity this
can be done similar to the static calculations (page 3).
Therefore we are able to calculate the transient average
junction temperature. As already mentioned the average
junction temperature yields in too optimistic value if the
temperature ripple in function of the output current
needs to be considered.

To avoid a too high complexity the simulation tool uses
a simplified approach that is valid in most relevant
application cases.

IGBT.
IGBT total losses

Figure 3: Output sheet

Alternatively the maximum output current can be read
out of the first diagram. The second diagram shows the
temperature gradient and the ripple of the junction
temperatures inside the module (figure 4).



Average losses for sinusoidal output current at Tvj = 125°C

Simulation Tool for ABB IGBTs
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Figure 4: Diagrams with calculation results
Temeeralure Excursion Durmg Overload 5SNS 03000120100
The sheet heatsink and transient calculates the steady
. . . 140 ?_’./_n—"""
state and transient temperature excursions with the IS LS -
. - - . LT 4 “
module and the heatsink (figure 5). The application — ==
' T . L y——1
. . . 2 g0 —— e
specific parameters can be specified. The device to "L L
. 60 —T
e
simulate is taken from the output sheet. In addition the il ey
. 4~ Tj Diode [°C]
heatsink, the ambient temperature and the number of ® paliie
, p ; be
switches and modules mounted on the cooler have to 0 » © © o 10
t overload [s]

behavior it is possible to specify up to n=4 exponential
terms for of Zth of the cooler. If the Zth of the cooler is
not known the RthHA can be specified in the first term
(Rth) and all other terms have to be set to zero (except
the T that will be automatically set to 1 if not specified).
The heatsink parameters have to be entered into the
sheet heatsink_spec.

If the necessary values are specified the simulation tool
caculates the junction temperature and the
corresponding losses of the IGBT and the freewheeling
diode.

For the transient overload calculation a separate
electrical load can be specified such as a possible
overload or motor start conditions. To have full
flexibility the starting temperatures for the T,; of the
IGBT and the Diode as well as the heatsink or case
temperature can be entered. Therefore it is possible to
simulate the transient behavior from any start condition
and even thermal relaxation from overload can be
computed.

The simulation tool reports the IGBT and Diode losses
as well as the temperatures that have been computed
after the specified overload duration has been elapsed.
Additionally the transient temperature excursion over
time will be shown in adiagram (figure 6).

Figure 6: heatsink and transient calculations

Conclusion:
The Simulation Tool presented offers a fast and simple
but still accurate method to simulate the IGBT modules
avalable from ABB under various application
conditions. This even includes the possibility to
calculate the transient thermal behavior together with a
user-specified heatsink.
Right now the thermal and electricadl models of the
LoPak line up are available, thisincludes as well models
for parallel connected LoPaks (as dual) that already
have a derating included.
Therefore the Simulation Tool permits the user to select
the right device for his application and furthermore
gives aready valuable application specific information
on the behavior of the module in the planned
application.
Nevertheless the described simplifications done by the
simulation tool have to be considered in the simulation
result judgement.
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