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Abstract—Thermal loading of power devices are closely related
to the reliability performance of the whole converter system. The
electrical loading and device rating are both important factors that
determine the loss and thermal behaviors of power semiconductor
devices. In the existing loss and thermal models, only the electri-
cal loadings are focused and treated as design variables, while the
device rating is normally predefined by experience with limited
design flexibility. Consequently, a more complete loss and ther-
mal model is proposed in this paper, which takes into account not
only the electrical loading but also the device rating as input vari-
ables. The quantified correlation between the power loss, thermal
impedance, and silicon area of insulated gate bipolar transistor
(IGBT) is mathematically established. By this new modeling ap-
proach, all factors that have impacts to the loss and thermal pro-
files of the power devices can accurately be mapped, enabling more
design freedom to optimize the efficiency and thermal loading of
the power converter. The proposed model can be further improved
by experimental tests, and it is well agreed by both circuit and finite
element method (FEM) simulation results.

Index Terms—TFinite element method (FEM), insulated gate
bipolar transistor (IGBT), power semiconductor, reliability, ther-
mal model.

I. INTRODUCTION

tions like renewable energy, traction, aerospace, and electric
vehicles, etc., the power electronics are essential parts, which
need to process a relatively large amount of power even up to
megawatt level [1]-[4]. Due to the limited space and high cost of
failures, the power density and reliability performances are es-
pecially focused in these applications. Consequently, the power
loss and thermal loading of power semiconductor device are
becoming more important performances which are required to
be accurately designed and optimized [5]-[7], because they are
sensitive parameters that not only have impacts on the efficiency
and cost, but will also decide the converter reliability which can
mathematically be described by, e.g., the Coffin-Manson-based
lifetime models [8]-[14].

I N many emerging and important energy conversion applica-

Manuscript received April 4, 2014; accepted July 25, 2014. Date of publica-
tion August 27, 2014; date of current version December 23, 2014. This work
appeared in part in at the International Symposium on Parameterized and Ex-
act Computation 2014, ECCE Asia, Japan). Recommended for publication by
Associate Editor R. S. Balog.

The authors are with the Energy Technology, Aalborg University, Aalborg
9100 Denmark (e-mail: kema@et.aau.dk; asb @et.aau.dk; sbe @et.aau.dk; fbl@
et.aau.dk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2014.2352341

Thermal Loading
1 Thermal Limit of Device

Hot

Warm

Cool

small medium large i

Current X
Rating: % 6

Fig. 1. Thermal loading of IGBT power device as the change of device rating
(with same current loading).

There are mainly two design freedoms related to the loss and
thermal behaviors of the power devices. It is well known that the
electrical loading of converter is one of the determine factors
(e.g., switching frequency, modulation, dc bus voltage, power
factor, load current, etc.). Intensive works have been done to
translate and optimize the electrical profiles of the converter
into the corresponding loss/temperature profiles of the power
semiconductor devices [15]-[23]. On the other hand, the device
rating is another important design freedom which has been less
focused and utilized: as illustrated in Fig. 1, if devices with
larger current rating are applied, the power handling ability of
the converter can be enhanced; thereby the junction temperature
will be relieved. It is expected that for a given converter speci-
fication, the loss and thermal loading can be also optimized by
selecting proper rating of devices. However, this mathematical
correlation between thermal loading and device rating has not
been comprehensively established before.

With the existing models and design approaches, there are
some limits to achieve fully designable and optimal power loss
and thermal loading of power semiconductor devices. Nor-
mally, in these models the power devices have to first be
selected as a preknown factor according to the applied cur-
rent/voltage stresses [24]-[26]. Afterward, the electrical profiles
of the converter are treated as input variables and translated to
the loss/temperature profiles of the selected devices [15]-[19].
Loss and thermal optimizations are normally restrained by tun-
ing the electrical parameters in a limited range [27]-[32]. If the
loss and temperature can still not be satisfied, the power device
and cooling system have to be reselected with several try-and-
error iterations until the requirements are satisfied. It can be seen
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that in this design process, the loss and temperature information
are unexpected before the power devices are decided, thereby
the design freedom of device rating is not well utilized with
poor flexibility for loss/thermal optimization.

As a result, a more complete loss and thermal model is
proposed in this paper, which takes into account not only the
electrical loading but also the device rating as input variables.
The quantified relationship between the power loss, thermal
impedance, and silicon area of power device-insulated gate
bipolar transistor (IGBT) is mathematically established. It is
concluded that by this new model, all factors that have im-
pacts on the loss and thermal profiles of power devices can be
accurately mapped, enabling full design freedom to optimize
the efficiency and thermal loading of converter by properly se-
lecting the device rating. The proposed model is improved by
experimental tests and is well agreed by both circuit and FEM
simulations.

II. BASIC IDEA AND CONDITIONS FOR MODELING

In order to include the device rating into the loss and thermal
models of power device, the proper rating definition has to be
clarified first. Normally, the manufacturers use the current rating
to quantify power handling ability of devices, it is defined as
an RMS current at which the junction temperature achieves
125 °C at a given case temperature without switching [24],
[26]. It can be seen that this current rating is an ambiguous and
general definition, which may vary a lot depending on the actual
operating conditions of the converter, normally some margins
of current rating have to be reserved by experience to ensure
a safe temperature in the device [24]. As a result the current
rating provided by the manufacturer is not a suitable parameter
to quantify the rating of power devices for the loss and thermal
modeling.

In most of the cases if the converter specifications are de-
cided, the voltage level of converter will be also settled as well
as the voltage rating of applicable power devices. But different
amount of transistor and diode dies/chips, which are connected
in parallel by means of bond wire and copper layer, may be used
to achieve different current handling ability, as demonstrated in
Fig. 2. Therefore, the silicon area or paralleled chip number
have more direct physical meaning to scale the power handling
capability of power devices. Moreover, the silicon area or paral-
leled chip number is a fixed parameter, which does not change
with the electrical loading of the converter, and making it more
suitable to be modeled and quantified.

The flow of loss and thermal modeling used in this paper are
shown in Fig. 3, where the corresponding input/output variables
are highlighted. The electrical loading of converter is first trans-
lated to the power loss on devices, then the thermal impedance
model is applied to generate the junction temperature, which is
then feedback to the loss model in order to describe the tempera-
ture dependency of power losses [2], [15]. It is noted that besides
the electrical loading of converter, the device rating quantified
by paralleled chip numbers is also included as input variable.

A popular two-level voltage source converter (2L-VSC) used
in the wind power application are chosen as a study case in this

2557
- Inside IGBT module )
SEMEon Chip Cell 1 Chip Cell N
Chip
Solder 1ot | B
|
Copper Substrate (DCB) Substrate (DCB)
Base solder I —
Base plate (Case) . Base plate (Case) v
L RN —
f’ A T T Tt e ettt I 7.5,
Thermal Heat sink Heat sink )
o ﬂ.ﬂ.ﬂ.ﬂ.ﬂ.ﬂﬂ Mﬂ_ﬂﬂ_ﬂ
\_ Outside IGBT module Y,
Fig. 2. IGBT physical structure with multicells.

Parallel chip numbers N

:

Parallel chip numbers N

Electrical Thermal
Loadin P (V) Loadin
g Loss (V) | Thermal %
Model Impedance
I Junction temperature T;(N)
Fig. 3. Calculation flow of loss/thermal modeling including device rating
information.
Filter
T2 D2
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paper, as shown in Fig. 4. The detailed converter specifications
and used transistor/diode chips are listed in Table I, which are
typical values for a grid-side inverter at low-voltage level. The
corresponding duty ratio for the transistors T1 and T2 as well
as the load current in phase A are shown Fig. 5, in which the
converter is operating on the condition shown in Table I. It is
noted that other operating conditions and converter solutions can
also be applied sharing the similar modeling idea and process.
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TABLE I
PARAMETERS OF CONVERTER SHOWN IN FIG. 4.

Rated output active power P, 250 kW
Output power factor PF 1.0

DC bus voltage V. 1050 VDC
*Rated primary side voltage V), 690 Vrms
Rated load current 1,4 209 Arms
Fundamental frequency f, 50 Hz
Switching frequency f. 2 kHz
Filter inductance L ¢ 1.2 mH (0.2 p.u.)
IGBT chip IGC186T170R3 1700V/150 A
Diode chip SIDC85D170H 1700 V/150 A

*Line-to-line voltage in the primary windings of transformer.

Duty ratio and load current (p.u.)

time

Fig. 5. Duty ratio for the transistor and load current of phase A in the given
converter (conditions in Table I, DT1 duty ratio for transistor T1, DT2 duty
ratio for transistor T2, iA load current in phase A, 6 phase angle caused by filter
inductance).

III. LoSS MODEL INCLUDING DEVICE RATING INFORMATION

As it has been well investigated in [15]-[23], the power loss
for the power semiconductor devices is composed of two parts:
conduction loss (or steady-state loss) and switching loss (or
dynamical loss). The modeling process will be detailed in the
following.

A. Conduction Loss

The total conduction loss of an IGBT module is composed of
the conduction loss on individual transistor/diode chips; there-
fore, the instantaneous conduction loss of IGBT module with N
chips paralleled (pconat/p) is a function of N and time 7, and it
can be expressed as the sum of conduction losses on each chip

PcondT /D _chipx

N
PcondT/D (N, t) = chondT/D,chipx (t) (1)
z=1

ASSUmMIng peondT,/D_chip» the average instantaneous loss of
transistor/diode chips, then the conduction loss of the whole
IGBT module can be calculated as

p(:ondT/D (Nv t) =N- pcnndT/D,chip (t) (2)
=N- ’Ucc/f,chip (ichip (t)) . ichip (t) : DT/D (t)

where e/t _cnip 1S the conduction voltage of transistor/diode,
ichip (t) is the mean current flowing in each chip, Dy p (%) is the
duty ratio for transistor or diode. The mean current flowing in
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each individual chip can be represented as

) iload (t
Lchip (t) = %~ (3)
The average conduction loss of IGBT Module Pei,qT/D_Ave
can be expressed as the integral of instantaneous 10sS p.ondat /D
within a fundamental cycle 1/ f,

1/fo
PcondT/D,Ave (N) = fo / pcondT/D(Na t) dt
0

1/ fo
=N- fo/o [(Uce/f,chip (ichip (t)) . Z.chip (t) : DT/D (t)} dt.
“)

As it can be seen in (2) and (4), the only unknown param-
eter is the conduction voltage for transistor/diode chip. Unfor-
tunately, the conduction characteristic of the individual chip
Vce/f_chip 1S NOt always accessible information. If the current
deviation among the chips is not significant when characteriz-
ing the IGBT modules, a virtual mean v /_cpi, can be acquired
by normalizing the conduction characteristic of IGBT module
with following function:

IC@
Vce/f,chip (I(:hip) = ‘/ce/f <1\§F> %)

where V¢ /¢ is the conduction voltage of the IGBT module and
I../r is the corresponding load current, their relationship can
be acquired from the device datasheets [33], or by experimental
characterization [16], [19].

As an example, the nominal conduction characteristic for a
set of transistor and diode chips are shown in Fig. 6 (a) and
(b), respectively, where the datasheet values from the IGBT
modules with different current ratings are used. It can be
seen that the mean conduction characteristic of transistor or
diode chip is quite consistent among different IGBT modules.
Thereby, the dotted curve shown in Fig. 6 is used as the conduc-
tion characteristic of chips, which can be expressed as a func-
tion of chip current 7., and two fitting constants Vit _chipo
and B/t

. . B. .
Ucc/f,chip (Zchip) = V;c/f,chip[) + (Zchip) ce/t, (6)

B. Switching Loss

Similarly, the total switching loss of a whole IGBT module
is composed of the switching loss on the individual chip. The
instantaneous switching loss of IGBT module with N chips can
be calculated as

Psw /v (Na t) = N- Psw /rr_chip (t)
= fs -N - Esw/rr,(:hip (ichip (t)) (7)

where Fiy /1 _cnip 18 the average switching energy for all tran-
sistor or diode chips, which is a function of chip current. f; is the
switching frequency of converter. The average switching loss of
IGBT Module Fyy,1/p_ave can be expressed as the integral of
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Fig. 6. Nominal conduction voltage for single transistor/diode chip in 1700-V
IGBT modules having different current ratings (datasheet values, recommended
testing condition, T; = 125° C). (a) Nominal V. versus nominal /... (b) Nom-
inal VF versus nominal IF.

instantaneous loss py,1/p Within a fundamental cycle 1/ f, as

1/ fo
Psz/DAve (N) = fo Psw /rr_chip (Na t)dt
®)

1/ fo
=N- fs : fO/ Esw/rr,chip (ichip (t))dt
0

As it can be seen in (7) and (8), the only unknown parameter
is the switching energy of the individual transistor/diode chip.
Similarly, Eq /rr_cnip is an average switching energy, which
can be acquired by normalizing the characteristics of the IGBT
modules by

1.

Esw/rr,chip (Ichip) = %Esw/rr < L;\;F> 9
where FEj,, /,, is the switching energy of the IGBT module and
I.or is the corresponding load current, their relationship can
be acquired from the device datasheet or by experimental tests.

As an example, the nominal switching characteristic for a set
of transistor/diode chips are shown in Fig. 7, where the turn-
on, turn-off, and reverse recovery energy from IGBT modules
with different current ratings are indicated. It can be seen that
unlike the conduction characteristic shown in Fig. 6, the average
switching characteristic per chip in different modules distribute
in certain range. This is because the switching characteristic
of power devices depends on many factors, such as the drive
circuit resistance, di/dt, stray inductance, etc. These factors are
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Fig. 7. Nominal switching loss for single IGBT/diode chip in a series of

modules having different current ratings (datasheet values, recommended testing
condition, T = 125° C). (a) Nominal turn-on energy loss E,,, versus I.. per
transistor chip. (b) Nominal turn-off energy loss E,g versus I, per transistor
chip. (c) Nominal reverse recovery energy loss ., versus IF per diode chip.

sensitive to the circuit configurations and can easily be deviated
when different numbers of chips are packaged. It is noted that
the average turn-on energy and reverse recovery energy per chip
have relative larger distribution range than the turn-off energy.
This is reasonable because the turn-on and reverse recovery
process depends a lot on the stray inductance of the chips that
may vary in different IGBT modules.

In order to cope with this distribution of switching character-
istic, a statistics description is used to cover the upper and lower
95% confidence level as well as the mean value of the nominal
switching energy [34]. The three curves can be chosen depend-
ing on the required margin and confidence for design purpose,
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Fig. 8. Average power loss of transistor/diode in IGBT module with rela-
tion to paralleled chip numbers (converter condition in Table I, Tj = 125° C).
(a) Transistor. (b) Diode.

and in this paper the mean value is used. All of the three curves
in Fig. 7 can be expressed as a function of the average current
flowing in chip 4.y, and three fitting constants St py, St /D25
and ST/D3

Esw/rr,chip (ichip) = ST/DI ' (ichip)2

+ St/D2 " febip + S1/p3-  (10)
With the virtual average loss characteristics of individual tran-
sistor/diode chip in Figs. 6 and 7, the relationship between the
IGBT power loss and corresponding chip numbers in parallel
can be established. The results are shown in Fig. 8, where the
converter is operating under the conditions shown in Table I,
and the average conduction loss, switching loss, and total loss
are indicated respectively at the junction temperature of 125 °C.
It is noted that the loss results shown in Fig. 8 should be discrete
points, but for the sake of clarity, trend lines are illustrated.

It can be seen that the increase of paralleled chip numbers
(device rating) only benefits to the conduction loss reduction of
IGBT modules, while the switching loss cannot be improved by
increasing the chip numbers or device rating: in the transistor,
the switching loss start to saturate and dominate after the device
rating increase to a certain level. In the diode, the switching loss
is always dominant and even keeps growing with the increase
of device rating. This phenomenon is hard to be discovered by
existing loss models for the power device, and it can be explained
by different trends of the slope for the switching energy curves
shown in Fig. 7.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 5, MAY 2015

Cell 1 Cell N

Transistor 1 Diode 1 Transistor N Diode N
P é Pmé E e é Piv é ‘(J”'\"E
T Y Tor Y Y T \
E T H 9 i
: Lump L : >

i st— 3 J—z...s% s 3 -
: T I i 1 T

i Ric 11 ! Cent Ricoi Cie o1 ; !

P -

:-w:rmtl 3 L b3 < 2 L

i R -nl Ciee Ry L)xI Cie mx E ?:_C | l

Fig. 9.
Fig. 2.

Internal network of thermal impedance for IGBT module based on

IV. THERMAL IMPEDANCE MODEL INCLUDING DEVICE
RATING INFORMATION

As it can be seen from Fig. 2, the thermal impedance of IGBT
module is composed of two parts: the part for device internal
packaging structure Z;. (junction to case) and the part for the
external cooling structure Z., (case to ambient) [35]-[38]. The
modeling process will be detailed in the following.

A. Thermal Impedance Inside IGBT Module

Practically in order to limit the stray inductance, the chips
of transistor and its freewheeling diode are packaged closely
to form a “chip pair” unit, as illustrated in Fig. 2. In order to
facilitate the packaging, the electrical and thermal performances
of a chip pair unit is optimized, and various current ratings for
the IGBT modules are achieved by scaling the standard chip
pair units in parallel. In a good packaging of IGBT module,
the distance between chip pair units is optimized to minimize
the thermal coupling effects. Therefore, from the point view of
thermal modeling, the internal structure of an IGBT module can
be virtually divided into many chip cells/units, as also illustrated
in Fig. 2.

Normally, the thermal impedance for power semiconductors
is modeled by a series of RC lumps which are composed of
a thermal resistance R and a thermal capacitance C. Typically,
multi RC lumps are used to represent different layers of the
materials from the chip to the case of the IGBT modules [28]-
[35]. According to the cell-based structure shown in Fig. 2, the
network of thermal impedance for the internal structure of an
IGBT module can be drawn as shown in Fig. 9, in which the
RC lumps is divided into multicells horizontally (cell 1-cell N)
and multilayers vertically (lump 1-lump x), the transistor/diode
chips are represented by “thermal sources” governed by their
instantaneous power losses.

Assuming the multilayers structure from chip to case is evenly
distributed for each of the divided cell, and then the thermal
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Fig. 10. Thermal impedance of RC lumps for transistor inside the IGBT
modules (junction to case) with relation to paralleled chip numbers. (a) Thermal
resistance versus chip numbers. (b) Time constants versus chip numbers.

resistance for the xth layer RC lump of IGBT module Rj.t/px
is equivalent to the corresponding thermal resistance for each
cell Rjot/px_chip With N in parallel

chT/Dx-chip o d,

= N7t
N Ag AT/Dx_chip

chT/Dx(N) = (11)
where N is the number of paralleled chips, At /py_chip is the
equivalent to the heat transfer area for a transistor/diode chip
at xth layer, d, is the thickness of material at xth layer, and X,
is the thermal conductivity of material at xth layer (W/mx*K).
By knowing the physical geometry and material of the IGBT
structure, each of the thermal resistance in Fig. 9 can be cal-
culated with the help of FEM simulations [39]. Unfortunately,
the module structure/geometry and FEM simulation may not
always be available. Another easier way used in this paper is
to fit the function (11) with the thermal resistances which are
derived from datasheets.

As shown in Fig. 10(a), in which the overall thermal resis-
tances for the transistor in IGBT modules with different current
ratings are plotted, the values are acquired from the datasheets
and four layers of RC lumps (R;.1 —R;.4) are used to repre-
sent the thermal behavior from chip to case. As it can be ob-
served, each layer of the thermal resistance in different IGBT
modules can be fitted with a function that is inversely propor-
tional to the paralleled chip number N. This relation is consistent
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with the physical model shown in (11), where the parameters
RjeT/Dx_chip can be fitted with Rjcx shown in Fig. 10(a). As
a result, the relationship between the thermal resistance and
the corresponding device rating (paralleled chip numbers) are
established.

With respect to the thermal capacitance, the modeling ap-
proach is similar. The thermal capacitance for the xth layer RC
lump of IGBT module Cj.t/py is equivalent to the correspond-
ing thermal capacitance for each cell Rjcp/py_chip With N in
parallel

C(ch/Dx(]V) = N- C(ch/Dx_chip

12)

N-c- Pz * dr ' AT/DX-Chip

where ¢ is the specific heat factor proportional to heat in
(Ws/g+K), p, is the density of materials at xth layer (g/cm?).
Similarly, the thermal capacitances in Fig. 9 can be acquired
either by calculations or by fitting datasheet values. It is noted
that, instead of thermal capacitance, the time constant of the RC
lump 7.1, px is more commonly used by datasheets. It can be
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calculated as

SR
y :

In the function (9) there is no item for the chip numbers N as
well as At /py_cnip- That means the time constant of RC lump
is only related to the physical property and thickness of the xth
layer material. Thereby with the same multilayer structure and
material, 7j.1,py should be the same among IGBT modules
having different paralleled chip numbers.

The time constant for the transistor in IGBT modules with
different current ratings are plotted in Fig. 10(b), the values
are acquired from datasheets and four layers of RC lump are
used [37]. It can be seen that the time constants of the RC
lump inside the IGBT modules keep constant under differ-
ent device ratings, this characteristic is consistent with the
physical model described in (13), in which the parameters
TieT/Dx can be fitted with ¢jc, shown in Fig. 10(b). As a re-
sult, the relationship between thermal capacitance/time constant
and corresponding device rating (paralleled chip numbers) are
established.

In a summary, the time domain thermal impedance of IGBT
module including the rating information (paralleled chip num-
bers) can be written as

TicT/Dx = LT /Dx * CchT/Dx = (13)

4
Zierp(N, 1) = N"- Z Rijer /px_chip - (1 — e t/Tier/ox))
rz=1

(14)
where Rj.7« and 7.1« can be acquired from Fig. 10(a) and (b),
respectively.
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Fig. 14. Maximum junction temperature TjmaxT/D versus parallel chip
numbers under different operating conditions of the converter. (a) Transistor.
(b) Diode.

B. Thermal Impedance Outside IGBT Module

The thermal impedance outside the IGBT module mainly
consists of two parts: the thermal grease part from case to heat
sink, and the heat sink part from grease to the ambient, as
indicated in Fig. 2. Unlike the thermal impedance inside the
IGBT module, thermal modeling of this part normally involves
many uncertainties, which may be challenge to predict. Due
to the variations of applied grease type, thicknesses, mount-
ing force, heat sink type, cooling fluid, and ambient temper-
ature, the thermal impedance outside IGBT module may sig-
nificantly deviate. Therefore, the relatively accurate way is to
seek the help of experimental testing and FEM simulation case
by case.

In this paper, it is assumed that the heat sink is selected in
a way to be able to maintain its temperature at 60 °C, which
is a typical design target for the heat sink system [26]. The
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Fig. 15.  Test setup for loss characterization of IGBT module. (a) Photo of test
setup. (b) Circuit scheme.

thermal grease is treated as a thermal resistance from case to
heat sink R, , which is calculated based on thermal conductivity
of 1 W/mxK, and a thickness of 150 pm. It is noted that R,
is related to the base plate area of IGBT module, and it is no
longer inversely proportional to the paralleled chip numbers N.

V. ANALYTICAL SOLUTION FOR JUNCTION TEMPERATURE

With the loss model in (4), (8), and thermal resistance model
in (11), it is possible to acquire the information of the steady-
state junction temperature of power device, and the temperature
dependency of the power losses can be also considered.
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Fig.16.  Experimental switching waveforms of IGBT with corresponding free-
wheeling diode (IGBT module 1700 V/1000 A, T; = 125° C, Vg ~ 1120V,
I. =~ 940 A). (a) Transistor turning ON, (b) Transistor turning OFF.

A. Analytical Solution for Power Loss Considering
Temperature Dependency

It is well known that the loss characteristics of power semi-
conductor are temperature dependent [19], [24]-[26]. With the
thermal resistance information, it is possible to include the junc-
tion temperature information into the power loss models. Con-
sidering the average power loss is linearly distributed with the
junction temperature, then the updated average loss for IGBT
module considering temperature dependency can analytically
be solved by

PLossT/D(N)
~ Pryp_aveara(N) - (Ton = Tha) + APrjp_ave(N) - (Th — T;2)
(T:1 — Ti2) — [Rier/p (N) + Rewr/p (N)] - APrp_ave (N)
(15)

where
APr/p_ave(N) = Pr/p_aveat:1(N) — Pr/p_avearr2 (V)
(16)
Pr/p_aveatr1/Tr2(N)
= Pt/ ave QT11/Tro + Peonar/p ave @11 /Tra. (17)

The T, and T} are two reference temperatures which are
normally chosen at 125 and 25 °C, respectively. The updated
power loss of IGBT with relation to the device rating (paralleled
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Fig. 18.  Construction of an unit cell (two transistors and two diodes) in IGBT
module for FEM simulation.

chip numbers) is shown in Fig. 11, where the temperature de-
pendency of the losses is considered. The average transistor loss,
diode loss, and total loss are indicated, respectively. It can be
seen that with the given condition in Table I, there is an optimal
point, where the total loss in IGBT can be minimum (six chips
are used to be paralleled). The optimal efficiency of converter
can be thereby achieved by properly selecting the rating of power
devices. As shown in , where the conversion efficiency of power
device (not include filters) with relation to the device ratings is
plotted, and three cases for different operating conditions of the
converter are illustrated. It is noted that the loss and efficiency
results shown in Figs. 11 and 12 should be discrete points, but
for the sake of clarity, trend lines are used here.

B. Analytical Solution for Junction Temperature

With the thermal impedance model (14) and instantaneous
power loss model (2) and (7), it is possible to calculate the in-
stantaneous junction temperature of the power devices by con-
voluting the loss and thermal impedance

t

d
Tj(N,t)Th+\/|:£PLOSST/D(N,Z) ~Zjh(N,tfz) dZ

0
(18)
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However, this calculation is relatively complicated and is
not suitable for the design purpose. Actually only the mean
junction temperature 7;,, and junction temperature fluctuation
AT} caused by the current alternating are interesting parameters
for the thermal design and optimization [20]-[23]. As a result,
simplified solutions which can directly extract the information
of T}, and AT} are developed in this paper.

According to [36], the mean value of steady-state junction
temperature 7}, can be written as follows, where the information
of paralleled chip numbers is included

T}m_T/D (N) = Th + PLOSST/D(N) ! [RJCT/D(N)
+ RchT/D (N)]

In dc—ac converter, the alternating of the load current at fun-
damental frequency will result in a quasi-sinusoidal distribution
of the instantaneous power loss on the transistor and diode. As
a result, the corresponding temperature swing will be observed
on the chips [40] and it also needs to be taken into account in the
thermal design for power converter. Because the exact time when
the junction temperature achieves its maximum/minimum value
is hard to be derived by (12), approximations by loss pulses,
which have the same loss-time area as the original loss are used
to calculate the AT}. In this case, the time when the junction
temperature achieves its maximum value can be determined. In
Fig. 13, two types of loss approximation (one stage and two
stages loss pulses) which share the same loss-time area are ap-
plied to the same thermal impedance. It can be seen that the
two stages loss approximation can achieve better accuracy with
respect to the temperature fluctuation amplitude.

As a result, the fluctuation of junction temperature AT; with
relation to the chip numbers of IGBT module can analytically
be solved by

19)

3
AT 1t/p(N) = Prosst/p(N) - Zjer/p (N, g)

1
+ 2Posst/p (N) - Zier /D <N, E) .

(20)

The maximum junction temperature of transistor or diode can
be calculated as

T_'jmax_T/D (N) = ,17]'111_T/D (N) + A77]'_T/D (N)

In Fig. 14, the maximum junction temperature of the tran-
sistor and diode with relation to the device rating (parallel chip
numbers) is shown, where the conditions of converter in Table I
with several variants of output powers and switching frequencies
are indicated. It can be seen that different from the traditional
thermal models, the device rating is also treated as variables.
As a result, plenty of design freedoms to control and optimize
the maximum temperature of power device can be achieved by
adjusting both the device rating and the electrical loading.

2y

VI. VERIFICATIONS AND DISCUSSIONS

As mentioned before, the loss characteristics of power device
are sensitive parameters to the practical circuit conditions, which
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Fig. 19. Temperature distribution in IGBT modules with different ratings (FEM simulation by ANSYS Icepack, converter condition in Table I, power loss is

equally injected on paralleled chips, based plate of modules is attached to a constant temperature surface at 80 °C). (a) one chip, (b) three chips in parallel, (c) six
chips in parallel.
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chip, (b) three chips in parallel, (c) six chips in parallel.

could probably deviate from the typical values shown in the
datasheets. The parameter variation is particularly significant
for the switching characteristics as indicated in Fig. 7. In order to
handle this uncertainty, some statistical descriptions or functions
can be used to indicate the potential loss and thermal range.
However, sometimes more accurate loss and thermal modeling
would be necessary, and experimental characterizations based
on the actual power device and circuit conditions are needed.

As a demonstration in this paper, an experimental setup was
built in Fig. 15, in which the switching characteristics of the
IGBT module can be tested based on “double pulsed test”
under various current, voltages, and temperature conditions.
The circuit scheme of the test setup is shown in Fig. 15(b),
a 1700V/900A IGBT module from [33] is applied which is
corresponding to six chips in parallel and can represent the
mean condition shown in Fig. 7. The experimental waveforms
when the IGBT at turn-on and turn-off are shown in Fig. 16. The
switching energy under different currents and temperatures with
the tested IGBT module is summarized in Fig. 17. By using this
loss characteristics based on actual device and circuit condition,
the accuracy of the proposed model can be enhanced.

The loss models proposed in this paper can be verified by
time-domain circuit simulation. The simulation was conducted
with PLECS Blockset in Simulink, which is able to online sim-
ulate the electrical, loss, and thermal behaviors with given spec-
ifications of the converters and power devices [32]. In the sim-
ulation the converter is configured at the same condition shown
in Table I, and the experimental switching characteristics shown
in Fig. 17 is used (where the IGBT module with six chips are
tested). The switching characteristics of IGBT modules with
one and three chips are derived by normalizing the results in
Fig. 17. In order to avoid the uncertainty of the thermal grease
and heat sink, the baseplate of IGBT module is set to a constant
temperature at 80 °C. A loss comparison between the circuit
simulation and model calculation are shown in Fig. 22, where
the average power loss for transistor and diode in IGBT modules
are illustrated under different ratings of device (chip numbers).
It can be seen that the simulation results agree well with the
results acquired by the proposed loss models.

The thermal models proposed in this paper are verified by
Finite Element Methods FEM simulations in ANSYS Icepack,
which can accurately simulate the thermal behaviors of power
device considering the geometries, materials, and operating con-
ditions in three dimensions [21]. The construction of a chip cell
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Fig.22.  Comparison of power loss by circuit simulation and model calculation
under different chip numbers (conditions in Table I, switching energy in Fig. 17
is used, T, = 80 °C).

(a pair of transistors and freewheeling diodes with correspond-
ing soldering layers, direct copper bond, and baseplate) in IGBT
module for FEM simulation is shown in Fig. 19, which is built
according to the actual geometry and materials of the tested
IGBT module. In Fig. 20, the temperature distribution inside
the IGBT module is indicated when the transistor T1 is achiev-
ing maximum temperature. In this simulation, the instantaneous
power losses generated from Fig. 22 are input into the transistor
and diode chips in the FEM model. In order to avoid the un-
predicted uncertainty of the thermal grease and heat sink, the
temperature at the baseplate surface of the IGBT module is set
at constant of 80 °C. It can be seen from Fig. 18 that there is
no thermal coupling between chip cell units either vertically or
horizontally. This result agrees well with the assumptions made
in Fig. 9.

The temperature response on the center point of transis-
tor/diode chips are recoded in Fig. 20, where the conditions
with 1, 3, and 6 paralleled chips are shown, respectively. For
the sake of comparison, the junction temperature simulated by
PLECS is also shown in Fig. 21. Because the virtual mean loss of
all transistor or diode chips is used, the loss and temperature are
equally distributed among the paralleled chips shown in Fig. 19.
However, in reality the loss and temperatures on individual chip
could deviate from the average value, this is still a challenge and
complicated behavior to predict and is out of the scope of this

paper.
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The maximum junction temperature of the transistor and
diode in IGBT modules with different chip numbers are sum-
marized in Fig. 23, where the results are compared by PLECS
simulation, FEM simulation, and model calculation. It can be
seen that both of the circuit and FEM simulation results agree
well with the results acquired by the proposed thermal models.

VII. NEW DESIGN APPROACHES BASED ON THE
PROPOSED MODELS

With the proposed loss and thermal models, there are now
more design freedom to optimize the efficiency and thermal
loading of the power converter. Several new design concepts
can thereby be proposed.

In Fig. 24, the maximum junction temperatures of the tran-
sistor and diode with relation to the device rating (parallel chip
numbers) are shown, where the operation condition of converter
is consistent with Table I. In order to be more close to reality, an
ideal case (lower 95% bound of power loss in Fig. 7, thickness
of thermal grease at 100 xm) and an adverse case (upper 95%
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bound of power loss in Fig. 7, thickness of thermal grease at
200 pm) are illustrated. More uncertainties of the converter can
be also included depending on the required confidence level. As
can be seen from Fig. 24, with the established thermal-rating
relationship, there are several design regions to achieve quite
different loading conditions of power devices: the forbidden re-
gion where the device could easily be destroyed with a junction
temperature above 125 °C; the high risk region where the junc-
tion temperate is loaded at relatively high level with large range
of variations; the high cost region where the device is overde-
signed with no significant relief of junction temperature; and,
finally, an optimal region where the device loading achieves
good tradeoff between cost and performance with acceptable
loading level and ranges of variation. Consequently, the most
suitable rating range of power device for the given converter
conditions can be clearly identified and restrained, this is hard
to be achieved by the existing design approaches.

After the optimal rating ranges for the power devices are de-
cided, a “thermal-oriented” design for the power device can be
realized by the proposed model. As demonstrated in Fig. 25,
where a target temperature level between 80 and 90 °C is
first predefined, and then three corresponding solutions of de-
vice rating can be easily decided for three converter operating
conditions.

VIII. CONCLUSION

The loss and thermal loading of the power devices are critical
design considerations for power converters, and they are closely
related to the cost, efficiency, and reliability performances. In the
existing loss and thermal models, only the electrical loadings
are focused and treated as design variables, while the device
rating is normally predefined by experience with poor design
flexibility.

A more complete loss and thermal model is proposed in this
paper, which takes into account not only the electrical loading
but also the device rating as input variables. The quantified cor-
relation between the power loss, thermal impedance, and silicon
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area of insulated gate bipolar transistor (IGBT) is mathemati-
cally established. By this new modeling approach, all factors that
have impacts to the loss and thermal profiles of the power de-
vices can be accurately mapped, enabling more design freedom
to optimize the efficiency and thermal loading of power con-
verter. The proposed model can be further improved by exper-
imental tests, and it is well agreed by both circuit and finite
element method (FEM) simulation results.
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