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Abstract—In this paper, a fast electro-thermal model of trac-
tion inverters for electrified vehicles is proposed. First, a thermal
model considering the thermal coupling is presented and experi-
mentally verified. The impact of the thermal spreading effect, heat
convection, and temperature-dependent material thermal proper-
ties on the accuracy of the linear assumption is investigated by
ANSYS-Fluent simulation. In order to reduce the influence of the
temperature-dependent thermal conductivity on the accuracy of
the thermal model, the average temperature is applied to determine
the thermal conductivity of the power module package. Second,
an accurate temperature-dependent switching power loss model
is represented as the lookup table through experimental measure-
ments. In order to simplify the lookup table, the switching power
loss is considered proportional to the dc-link voltage and, therefore,
the inputs of the lookup table are current and temperature. Finally,
a scheme to speed up the online junction temperature estimation
is proposed by considering both the thermal network properties
and the required accuracy. With the proposed calculation rate de-
termination method, the total computational time for the junction
temperature estimation is reduced significantly.

Index Terms—Electric and hybrid electric vehicles, electro-
thermal model, inverters, nonlinear effect, temperature-dependent
loss model, thermal coupling, traction systems.

I. INTRODUCTION

OWER converters with very high reliability are required

for electrified vehicles. The thermal stress introduced by
the massive time-varying loss-of-power semiconductor devices
reduces the lifetime of the power modules [1]-[6]. Several fail-
ure modes due to the thermo-mechanical breakdown of power
modules are presented in [7]-[9], and the power module life-
time is mainly determined by the average and fluctuation of the
junction temperatures [10]-[12]. Besides, the online overtem-
perature protection of power modules is essential to improve
the reliability of traction inverters. Since the electrical char-
acteristics of power devices are temperature dependent, a fast
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and accurate electro-thermal model is required to get the actual
power losses and junction temperatures.

An electro-thermal model includes the thermal model and the
temperature-dependent power loss model. The thermal model-
ing methods include numerical approach, analytical approach,
and thermal resistor—capacitor (RC) network. The numerical
approach, including the finite element method [13] and com-
putational fluid dynamics (CFD) [14], can provide accurate
temperature distribution with any device geometry. However,
it is very time-consuming and, therefore, it is not applicable
for evaluating the junction temperature for long-time load pro-
files [15]. The analytical approach provides a Fourier series
solution by solving the one-dimensional, second-dimensional,
and three-dimensional (3-D) heat diffusion equations [16]-[18].
This “mesh-less” method offers an improved tradeoff between
the accuracy and computing speed. But they can only be used to
describe the heat conduction in the power module packages with
simple structures. The heat convection between the heat sink and
the coolant cannot be accurately evaluated. The thermal RC net-
work is a computationally efficient thermal model that can be
easily integrated into circuit simulators [19]-[22]. However, this
approach focuses mainly on the modeling of the power modules.
The application of the RC network to the entire system has not
been validated. Also, the prerequisite of the thermal network is
that the system is a linear time-invariant (LTI) system. There-
fore, the accuracy of the linear assumption needs to be evaluated.
A method is proposed to consider the temperature-dependent
material properties by using the temperature-dependent ther-
mal network parameters [23]. The parameters have to be tuned
according to the temperature, which increases the complexity.

The temperature-dependent power loss model is the other part
of the electro-thermal model. There are different approaches to
get the power loss: the physical-based model [24] and the exper-
imental measurement [25]. The switching losses of power de-
vices are sensitive to the driver circuit and the stray inductance.
Therefore, it is better to get the accurate switching losses through
experimental measurement. Besides, for the long-time online
and offline junction temperature estimation, the computational
speed is vital. In [26], a high-speed electro-thermal model is pro-
posed by averaging the power loss for every several switching
cycles. With this model, the junction temperature is not required
for each switching cycle; however, the power loss is calculated
at each switching cycle in order to get the average power loss for
every several switching cycles. This will also partly reduce the
speed of the electro-thermal model, which may not be a viable
solution to online junction temperature estimation.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1.  System configuration of the traction inverter.

This paper presents an accurate and fast electro-thermal
model for the entire traction inverter used in electrified vehi-
cles. The main contributions of this paper include

1) The impact of the thermal spreading effect, heat con-
vection, and temperature-dependent material thermal
properties on the accuracy of the linear assumption is
comprehensively investigated by the ANSYS-Fluent sim-
ulation. Compared to the temperature-dependent ther-
mal conductivity, the thermal coupling and the thermal
spreading effect have a negligible impact on the linear
assumption.

2) In order to reduce the influence of the temperature-
dependent thermal conductivity on the accuracy of the
thermal model, the average temperature is applied to de-
termine the thermal conductivity of the material in the
power module.

3) The switching power loss under different temperatures
and currents are measured by the double-pulse test. The
switching loss is considered proportional to the dc-link
voltage and the switching losses are stored as a lookup
table with inputs: the junction temperature and currents.

4) A high-speed model is proposed, which considers both
the thermal network properties and the required accuracy
of the temperature estimation. With the proposed method
to determine the calculation rate of junction temperature,
the speed can be improved significantly.

II. THERMAL MODEL CONSIDERING THE THERMAL COUPLING
A. System Configuration

A traction inverter is applied to the electro-thermal mod-
eling, as shown in Fig. 1. It consists of a liquid-cooled cold
plate, a dc bus, a capacitance, and three insulated-gate bipo-
lar transistor (IGBT) modules. Only power modules and cold
plate are considered for the thermal modeling. The detailed 3-D
model of the power module is shown in Fig. 2(a). The power
module consists of six IGBTs and six diodes. Three IGBTs or
diode chips are connected in parallel and, therefore, they can be
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Fig. 2. Internal architecture of the power module: (a) detailed 3-D model,

(b) the vertical structure.

classified as four devices: high-side IGBT #1, low-side IGBT
#2, high-side diode #3, and low-side diode #4. The vertical
structure of material layers is illustrated in Fig. 2(b).

B. Thermal Model Considering the Thermal Coupling

Several parameters are defined as follows to derive the thermal
model.

P;(t) (j = 1,2,3,4) The instantaneous power dissipation at
device #j.

Zijs(t) (4,7 = 1,2,3,4) The transient thermal impedance
(from the junction to coolant) of device #i by adding the step
power dissipation at device #j.

Zi(t) (4,5 = 1,2,3,4) The transient thermal impedance
(from the junction to coolant) of device #i by adding the impulse
power dissipation at #;.

T;(t) (i = 1,2,3,4) The instantaneous junction temperature
of device #i.

T.(t) The coolant temperature.

The transient thermal impedance Z;; ,(t) with the step power
dissipation at device #j is defined as

~ Ti(t) = Te(t)
~F0 (1)

Zijs(t) = ;Dj(
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Fig. 3.

Structure of the Foster network.

The transient thermal impedance Z;;(t) with the impulse
power dissipation is derived as

dZ; (t)
dt

If the LTT assumption of the thermal transfer process is made,
the junction temperatures with arbitrary power losses are repre-
sented by the matrix-vector form in s domain, shown as

Zij(t) = @

T1 (8) le(S) le(S) Zlé(s) Zl4 (S) P] (S)
T,(s) _ Z51(8) Z22(8) Zas(8) Zay(s) Py(s) +To(s)
Ts(s) Z31(8) Zsa(s) Zs3(s) Z3a(s) Ps(s)
Ti(s) Z41(8) Za2(s) Zuaz(s) Zaa(s) | | Pa(s)

3)
where Zjj(s) is the Laplace transform of the impulse response
Zij(t). When ¢ = j, the elements of the impedance matrix rep-
resent the self-heating effects. The other elements represent the
cross-heating effects between different devices.

In order to get the junction temperatures, the thermal
impedance matrix needs to be obtained. The Foster network,
as shown in Fig. 3, has the similar dynamic response as that
of the heat transfer in power converters. Therefore, the circuit
impedance of it can represent the thermal impedance elements
in (3). The transfer function of the Foster network is derived as

n

Zij(s)=Y

m=1

Rij _m /TijJn (4)
S+ 1/ Tij_m

where n indicates the number of order of the Foster network;
the thermal time constant 7j;_,, = Rijn X Cijm ..

Equation (4) can be converted to the z-domain transfer func-
tion (5) by using the zero-hold transform method, where 75 is
the sampling period. If the parameters R;;, and 7ij_, are ob-
tained, the junction temperatures of devices can be calculated
with microcontrollers by using the z-domain form of (3)

n
by 27! T.
o j-m . o s
Zij (Z) - E 1 1 Rij,m7 bijJn - 5
m—1 + Aij_m 2 Tij_m
Gijom = bijom — 1. (©)

The step response of the Foster network is represented as a
series consisting of a finite number of exponential terms as given

in
t
1] 5 Z Rl] m ( — €xp (_lem)> (6)

In order to get the parameters of the Foster network, the step
response thermal impedances need to be obtained first. Then,
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Fig. 4. Comparison of the step response transient thermal impedance.

TABLE I
BOUNDARY CONDITIONS OF THE TRANSIENT THERMAL MODEL IN FLUENT

Coolant temperature at inlet 338.15K (65°C)

Working fluid 50% ethylene glycol 50% water
mixture

Flow rate 2 L/min

Power dissipation 100 W per chip (300 W per device)

Maximum allowable pressure drop 5 Ibf/in?

333.15 K (60 °C) in the case,

308.15 K (35 °C) in the ambient

6 W/m? K~! in the case, 12 W/m? K~!
in the cabinet

0.05 mm

Ambient temperature
Coefficient of convection with air

Thickness of the thermal interface material layer

with the curve fitting of the obtained step responses in the form
of (6), the parameters Rjj ,,, and 7j;_,, can be obtained.

In this paper, the transient thermal analysis with the ANSYS-
Fluent tool is applied to get the step responses. In order to
verify the accuracy of the transient thermal simulation, the step
response transient thermal impedance curve obtained by Finite
element analysis (FEA) simulation is compared to that in the
datasheet, which is obtained by using the temperature-sensitive
electrical parameters (TSEPs) measurement method. In order to
make a fair comparison, the simulation boundary conditions are
the same as the measurement conditions of the thermal curve in
the datasheet. The comparison of the FEA simulation result and
the transient thermal impedance curve provided in the datasheet
is shown in Fig. 4. Zy;. is the thermal impedance from the
IGBT junction to the case. It can be found that these two curves
are very close to each other in the whole time range. The steady-
state value of the thermal impedance obtained from FEA is a
little smaller than that in the datasheet, and the error is within
5%. Therefore, the accuracy of the FEA simulation is validated,
which is applied to the transient thermal analysis.

The boundary conditions for the thermal simulation are listed
in Table I. The junction temperature profiles of all devices are
recorded by adding the constant power dissipation at each device
one by one. The average temperature of the top surfaces of the
device is regarded as its junction temperature [27]. With the
junction temperature profiles and the definition of (1), the step
response thermal impedances can be derived.
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Outlet

Fig. 5. Temperature distribution at 100 s when the power dissipation is added
to the device #1.

Fig. 6. Temperature distribution of the chips at 100 s when the power dissi-
pation is added to the device #1.

The device #1 in the middle module is heated as an example
to illustrate the process. The simulation time is set to 100 s to
ensure that the junction temperature reaches the steady state.
The temperature field of the cold plate and power modules at
100 s is shown in Fig. 5. The temperature distribution of all the
chips is shown in Fig. 6. The temperature rises can be observed
at all the chips in the middle module because of the cross-heating
effects.

The junction temperature profiles of all the devices are shown
in Fig. 7. With the self-heating effect, the device #1 has the max-
imum junction temperature. Besides, the device #3 is located
very close to the device #1. Therefore, it has relatively higher
junction temperature. In addition, devices #2 and #3 have sim-
ilar temperatures because they have the similar distance to the
device #1. By using (1), the step response transient thermal
impedances can be derived as shown in Fig. 8. It can be found
that there is a delay for the cross-heating impedances at the
beginning. That is because the chips share the same substrate
and base plate, and it takes time for the heat to spread into the
adjacent chips.

These thermal impedance curves are fitted to the step re-
sponse (6) by using the least square method. The fourth-
order and second-order Foster networks are applied to repre-
sent the self-heating and cross-heating effects, respectively. The
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Fig.8.  Stepresponse thermal impedances when the power dissipation is added
to the device #1.

TABLE I
OBTAINED PARAMETERS BY HEATING THE DEVICE #1

Ry (K/W)  Ria(K/W)  Rus(K/W)  Ria (K/W)
0.01201 0.05017 0.03859 0.02732
T111(8) T112(8) T113(s) T11.4(8)
0.000895 0.051706 1.47167 15.5521
Ro1a(K/W)  Roi2(K/W)  R3ia(K/W)  R3i12(K/W)
0.01204 0.01948 0.01771 0.02854
Ta1.1(8) T212(8) 7311 (8) T312(8)
3.72301 24474 0.628536 13.7533
Ryia (K/W)  Ryia(K/W) T41.1(8) Ti12(8)
0.01152 0.01806 3.644315 24.1371

parameters of the thermal impedances are obtained in Table II.
This process is repeated four times to obtain all the self-heating
and mutual-heating thermal impedances in one power module.
With all the impedance parameters, the z-domain form of (3)
is applied to calculate the junction temperatures in the proces-
sor. There are 16 elements in the matrix of (3), some of which
are the same due to the symmetric architecture of the power
devices. The simplification of the thermal impedance matrix is
included in the future plan in order to speed up the junction
temperature calculation.
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Fig. 9. Location of the thermocouples in the power module.

C. Experimental Verification of the Thermal Model

In order to verify the accuracy of the developed thermal
model, the step response thermal impedance should be mea-
sured and compared to the simulation result. Since the junc-
tion temperature changes very fast by self-heating, the direct
measurement method with thermocouples cannot get the accu-
rate temperature for the self-heating. Therefore, two different
methods are applied for the validation: direct temperature mea-
surement for the cross-heating, and the indirect temperature
measurement for the self-heating.

The type K Cement-On style 2 (CO2-K) thermocouples from
OMEGA is applied for the direct temperature measurement.
These thermocouples are made from 0.0005-inch thermocouple
alloy foil. First, the gel is carefully removed from the power
module to expose the surface of chips, and the location of
the thermocouples placed on the IGBTs is demonstrated in
Fig. 9 (the yellow circle). Then, a thin layer of OB Epoxy
from OMEGA is laid down on the chip surface for insulation
(the black coating). After that, the thermocouples are directly
bonded to the chip surface covered by the epoxy. These pro-
cedures are repeated for the other chips. Comparison of the
measured impedances and the simulated results is shown in
Fig. 10. It can be found that the error is quite small for the
cross-heating (Z,1, Z31, and Z4;) and, therefore, the accuracy
of the thermal model for cross coupling is verified. However,
there is a big error for the transient thermal impedance of the
self-heating. This is mainly because of the introduced thermal
capacitance of the epoxy (the black coating) and the very fast
temperature changes.

In order to verify the accuracy of the thermal model for the
self-heating, the indirect temperature measurement method is
applied by using the TSEP [27]. The voltage across the IGBT
(V,.) under small current is applied to measure the junction
temperature. The detailed measurement method is described as
follows. As shown in Fig. 11, a low constant current I, is
applied to the device under test (DUT) to get the relationship
between the junction temperature and voltage drop across the
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IGBT. Then, the high constant current I, is applied to the DUT
in order to generate the constant power loss. When the power
loss is stable, I. is removed and only [, is applied during
the cooling stage. By recording V.. during the cooling stage
and using the relationship between the temperature and V.,
the junction temperature during the cooling stage is obtained.
The temperature step response is derived by using the temper-
ature profile during the cooling stage. After the temperature
step response is obtained, the step response thermal impedance
can be derived. In this paper, the high current source is imple-
mented with the buck converter, and the small current source is
implemented by an operational amplifier. The circuit for tem-
perature measurement is shown in Fig. 12. The pulse width
modulation (PWM) signal is provided to the switch S; to get the
desired current to the DUT. When the switch Sy is ON, the high
current is fed to the DUT. The switch S5 is turned OFF to re-
move the high-current source. The low-current source provides
1 mA to the DUT to get the relationship between V.. and the
junction temperature.

The flow rate is set at 2 L/min, which is the same as the simula-
tion condition. By using this temperature measurement method,
the step response thermal impedance of IGBT is obtained. The
experimental and simulated thermal impedance curves are plot-
ted in the log axis, as shown in Fig. 13. In contrast to the direct
measurement results, the experimental thermal impedance de-
rived from the TSEP is in good accordance with the simulation
result in the entire time range. There is a slight error of 3.4% at
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the steady state and 9.7% at the transient state. The error mainly
introduced by the following two reasons: 1) the internal dimen-
sions of the power module applied for simulation could not be
100% fit with the reality dimension; 2) the ideal model of the
thermal interface material layer between the power module and
the cold plate is applied to the simulation, while in reality the
thermal grease cannot be uniformly distributed in the contact
area. The error is within an accepted level and the self-heating
thermal impedance is verified by the experiment.

III. EVALUATION OF THE LINEARITY OF THE THERMAL SYSTEM

The Foster thermal network has been widely used in the ther-
mal modeling of power electronics, and it is based on the linear
assumption. However, the real system is not linear in several
aspects. First, the thermal performance of the entire system in-
cluding both the power module and the heat sink are required
for power electronics design. Involving the heat sink model will
introduce heat convection to the system which is a nonlinear
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problem. Second, the heat transfer of the inverter is a 3-D ther-
mal spreading process. It will introduce error if the linear as-
sumption is applied. In addition, the thermal properties of mate-
rials are temperature dependent and not constant. In this section,
the linearity of the heat transfer process for the entire inverter
will be investigated. The impact of these nonlinear factors on
the accuracy of the linear assumption will be presented.

A. Verification of the Linear Assumption With Constant
Thermal Properties of Materials

Linear systems have to satisfy two properties, superposition
and homogeneity. In this section, these two properties will be
verified supposing the thermal properties of materials are con-
stant. The temperature dependency of the thermal model will be
investigated in Section III-B.

1) Verification of the Homogeneity: The property of homo-
geneity states that for a given input x, and for any scalar « in the
domain of the function F, (7) is satisfied

F(az) = aF(x). @)

In the thermal model, the input x is the power dissipation, and
the output F(x) is the temperature rise. The thermal model of the
inverter in ANSYS-Fluent precisely describes the 3-D heat con-
duction and the heat convection process. Therefore, it is applied
to verify the homogeneity of the system. Power dissipation of
30 W per chip and 100 W per chip are added to the system,
respectively. The temperature distribution at steady state under
different power dissipation conditions are shown in Fig. 14. The
comparison of transient thermal impedances under these two
power dissipation conditions is shown in Fig. 15. The thermal
impedances have only 1.6% difference in the steady state. This
system can be assumed to meet the homogeneity property. The
larger power dissipation will lead to the larger temperature dif-
ference between the power device and coolant, and then to the
larger heat spreading area. The larger heat spreading area will
make the heat convection more efficient, which will help re-
duce the thermal impedance. The thermal impedance, which is
reversely proportional to the heat spreading area, will be also
reduced due to the larger heat spreading area. Therefore, the
thermal impedance at 300 W is slightly smaller than at 90 W
due to the larger power dissipation as shown in Fig. 15.

2) Verification of the Superposition: The superposition
states that for different inputs x;, in the domain of the func-
tion F, (8) should be satisfied

Flxy a9+ 4a,)=F(xy)+ Fag) + -+ F(x,)

(®)
x; is the power loss, and F'(x; ) is the temperature rise. There are
four independent heat sources in one power module: device #1,
device #2, device #3, and device #4. As an example, the tem-
perature rise of device #1 is considered when 100 W power dis-
sipation is added to different devices. F'(z;)(: = 1,2,3, and 4)
is the temperature rise of device #1 when the 100 W is added
to device #i. Transient thermal simulation is conducted to get
these temperature profiles. Then, power dissipations with vari-
ous values are added to all the devices simultaneously, as shown
in Fig. 16. Compared to the single heat source, the input of
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Fig. 14.  Temperature distribution with different power dissipation: (a) with
90 W, (b) with 300 W.
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Fig. 15.  Step response thermal impedance curves with 90 W and 300 W power

dissipations.

the system becomes 3 * x1 + 2 * x9 + 1.5 *x 3 + 1 * x4, if the
system satisfies the superposition, the temperature rise of device
#1 F(3%x1 +2*x9 + 1.5 %23 + 1 % x4) should be equal to
3xF(x1)+ 2% F(xy) +1.5% F(x3) + 1% F(xy). The tem-
perature rise curves are obtained as shown in Fig. 17. It can
be found that the temperature rise due to multiple heat sources
is slightly smaller than that obtained by superposition. This is
because the thermal impedance due to multiple heat sources is
slightly smaller than that due to the single heat source. With
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multiple heat sources, the heat spreads more widely on the
cold plate, which increases regions with the temperature dif-
ference. Then, the heat convection between the cold plate and
the coolant becomes more efficient, which in turn reduce the
thermal impedance with multiple heat sources. However, the er-
ror is within 2%, as shown in Fig. 17. Therefore, the system can
also be assumed to meet the superposition property. According
to the verification, the thermal model of the entire inverter sat-
isfies both the properties of homogeneity and superposition. It
can be assumed as a linear system if the temperature-dependent
thermal properties of material are not considered. It should be
noted that the coolant flow of this typical inverter in electrified
vehicles is in the laminar condition or early stage of the transi-
tion between the laminar and turbulence. Therefore, the linearity
of the heat convection is guaranteed. However, the nonlinear be-
havior is more obvious in very high power applications using
some advanced cooling methods. For example, the phase change
spray cooling is being used in some utility-scale applications.
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The linearity of these systems needs to be verified before using
the linear thermal modeling method.

B. Temperature Dependency of the Thermal Model

There are mainly three reasons leading to the nonlinearities in
the thermal model: the heat spreading effects, the heat convec-
tion process, and the temperature dependence of the material
properties. The first two factors have been evaluated, and the
last factor will be discussed in this section.

1) Temperature Dependence of the Materials: The impact
of the temperature-dependent thermal properties on the thermal
model is controversial in the previous literature. It is ignored
in [28], [29] while errors from 4% to 12% caused by using
temperature-independent assumption are reported in [22] and
[30]. There are two thermal properties of materials, thermal
conductivity A and heat capacity Cyy,. The temperature depen-
dence of heat capacity can be negligible in the 0 °C —150 °C
range [31]. Therefore, the thermal conductivity is the primary
factor which may result in the nonlinearity. Thermal conduc-
tivities of materials vary significantly over a wide temperature
range. The power semiconductors operate in a range of 250—
450 K, which is the temperature of interest in this paper. Fig. 18
shows the temperature dependence of the thermal conductivi-
ties of materials in a power module [32]. Aluminum and copper
show the minor temperature dependence of A. Only the ther-
mal conductivities of silicon and Al, O3 vary significantly at the
temperature of interest.

2) Influence on the Thermal Model: In order to evaluate the
errors caused by neglecting the temperature dependence of ther-
mal properties, a full nonlinear CFD model is built in ANSYS-
Fluent with the temperature-dependent thermal conductivity of
materials in Fig. 19. The transient simulation is repeated by grad-
ually increasing ambient temperatures from 338.15 K (65 °C)
to 378.15 K (105 °C), which is the typical coolant temperature
range of the cooling for power converters in electrified vehi-
cles. A comparison between the linear model and the nonlinear
model with different ambient temperatures is shown in Fig. 19.
“Tomb= 338.15 K, No T dep” in the legend indicates that the
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Fig. 19.  Thermal impedance curves under different ambient temperatures.

constant thermal conductivity of material at 338.15 K is applied
to the simulation. The “T dep” indicates that the temperature-
dependent thermal conductivity is used.

As shown in Fig. 19, as the ambient temperature rises, the
thermal conductivities of both Al, O3 and silicon reduces and,
therefore, the thermal impedance increases. Compared to the
linear model with a constant thermal conductivity at 338.15 K
(the curve with the legend “T,,,;, = 338.15 K, No T dep”), the
error due to the temperature dependence of thermal conductivity
is around 7% when the ambient temperature is set to 378.15 K
(the curve with the legend “7T},,,,;, = 378.15 K, T dep”). There-
fore, if the constant thermal conductively at 338.15 K is applied,
the largest error is around 7% at 100 s by considering the worst
case. The thermal impedance error is mainly introduced by the
variation of the thermal conductivity of AlyO; rather than the
variation of the thermal conductivity of silicon. It is because the
area and thickness of the silicon layer are much smaller than
those of the Aly O3 layer, and the thermal conductivity of silicon
is much larger than that of the Al,O3. Therefore, the thermal re-
sistance of the silicon layer takes up only a small fraction of the
thermal resistance of the whole thermal system, and its impact
on the entire thermal system is negligible.

There are no perfect solutions in these cases. In literature
[32], the average thermal impedance at different temperatures is
applied to solve this issue. A method to generate a temperature-
dependent physical-based thermal network model is proposed
by simplifying the power module model from at least seven lay-
ers to four layers, which reduces the model accuracy to some
extent. In this paper, a simple thermal modeling method is pro-
posed considering the temperature-dependent thermal conduc-
tivity. The temperature range of the materials in the power mod-
ule is most likely to be known when the inverter is operating.
For instance, the optimal junction temperature and the lowest
coolant temperature are 423.15 K (150 °C) and 338.15 K (65 °C),
respectively. The average of these two values is 380.65 K
(107.5 °C). In this paper, the thermal conductivity of all the
materials at this average temperature is used to build the ther-
mal model. A comparison of this proposed simplified model
and the full temperature-dependent model with the coolant inlet
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temperature-dependent model.

temperature at 338.15 and 378.15 K is shown in Fig. 20. Com-
pared to the worst case (the curve with the legend “T,,,;, =
378.15 K, T dep”), the error is around 2% at 100 s. Therefore,
with the proposed thermal modeling method, the error in the
worst case can be reduced from around 7% to 2%. Besides, the
temperature-dependent nonlinear model, which is very time-
consuming, is avoided by using the proposed method.

IV. TEMPERATURE-DEPENDENT POWER LOSS MODEL

Since the switching frequency is much higher than the
crossover frequencies of the thermal impedances, the average
power losses during a switching cycle can be applied to estimate
the junction temperatures. In order to reduce the simulation time,
two following assumptions are made: 1) the load current ripple
is ignored; 2) the conductive current is constant during a switch-
ing cycle. The curve fitted functions are applied to obtain the
voltage drops of devices.

A. Conductive Loss

The instantaneous conductive loss of IGBT or diode is ob-
tained by using the multiplication of voltage drop and the con-
ductive current, as shown in

Pcond = U(t) X Z(t) (9)

where v(7) is the voltage drop of device and i(?) is the conductive
current.

Assuming that the conductive current is constant during a
switching cycle, the average conductive losses of the IGBT and
the diode over a switching cycle are represented as

‘/(:eI‘t',

Peight = TF - (10)
Vrlpt

Pr diode = FT’” (11)

where P, j,1,¢ and P, giodc are the average power losses of the
IGBT and the diode over a switching cycle, respectively; V. is
the voltage drop of the IGBT when the conductive current is /.;
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v

Fig. 21.  Voltage drop of power device.

Vr is the forward voltage drop of the diode when the conductive
currentis Ip; t; and t, are the conduction time of the IGBT and
diode during a switching period, respectively.

For a given temperature, the voltage drop of IGBT or diode
at different conductive currents has the shape shown in Fig. 21.
Here, the voltage drop is approximated as a function shown in

v(t) =a-i(t) +b. (12)

In order to represent the temperature effects on the power
losses, the coefficients a and b in (12) are assumed to be linear
functions of the junction temperature. Their respective expres-
sions are given in

a=ay+7r(T; —Tp)

b:bo +T2(7}' 7T0) (13)

where ay and b are the coefficients when the junction temper-
ature equals to the nominal temperature 7j; r; and ry represent
the temperature sensitivity of these coefficients.

B. Switching Loss

The switching energy dissipation is sensitive to the stray in-
ductance of the dc-link and the gate resistance. Although the
switching energy dissipations under different junction tempera-
tures and currents are provided in the datasheet of power devices,
the circuit parameters of practical traction inverter are always
different from the test conditions listed in the datasheet. In order
to get the accurate switching loss, double-pulse test experiments
are conducted. The turn-on and turn-off waveforms of IGBT are
shown in Fig. 22. The green, yellow, and blue waveforms are
the gate signal V., current I.., and the voltage across the IGBT
V.., respectively. The voltage output of the Rogowski coil is
0.01 V/A. The measured voltage by using the coil is 4 V when
the switch is turned OFF. Therefore, the current is 400 A. By mul-
tiplying the voltage and current waveforms during the switching
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Fig.22. Turn-on and turn-off waveforms of IGBT. (a) Turn-off waveforms and

(b) turn-on waveforms (300-V dc-link, 400 A current, and 25 °C temperature).

process, the switching energy dissipation is obtained. Similarly,
the reverse recovery energy dissipation is measured.

With dc-link voltage 300 V, the obtained switching energy
dissipations of IGBT under different currents and junction tem-
peratures are plotted in Fig. 23. Egopr and Eonx denote turn-
off and turn-on switching energy dissipation, respectively. The
switching energy dissipation increases as junction temperature
increases. The switching energy dissipation is a function of
the dc-link voltage, the current, and the junction temperature.
Therefore, four-dimensional lookup tables are required to get
the switching loss, which is complicated and requires a lot of
computational resources. In order to simplify the lookup ta-
ble, the total switching energy dissipation under different volt-
ages, currents, junction temperatures are investigated. The total
switching energy dissipations are plotted in Fig. 24. Under the
same current and temperature, it can be found that the switch-
ing energy dissipation is approximately proportional to the dc-
link voltage. For example, at 25 °C, the total switching energy
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dissipation at 300 V is around three times as that at 100 V.
Therefore, the 3-D lookup table with 300-V dc-link voltage can
be applied to calculate the switching loss. The total energy dis-
sipations of IGBT at dc-link voltage V. can be calculated by
multiplying the obtained energy dissipation at 300 V with the
coefficient Vg./300. Similarly, the obtained reverse recovery
energy dissipations E,.. under 300 V are shown in Fig. 25. The
reverse recovery energy dissipation of diode at dc-link voltage
Vi can be calculated by multiplying the obtained E... at 300
V with the coefficient Vg /300. Therefore, by using the lookup
table shown in Fig. 25, E... at different dc-link voltages is ob-
tained. By using the measured switching energy dissipations,
the average switching loss of the IGBT and the diode can be
represented as

E E
Py ight = M (14)
Er(‘c
Ps_diode = T (15)

where P jg1,¢ and P gi0de are the switching power losses of the
IGBT and the diode, respectively, T is the switching period.
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C. Total Loss

The gate drive signals and the load current direction deter-
mine which device in a phase leg conducts the load current, as
shown in Fig. 26. If S; is ON and the load current is positive, S}
is conducted; if Sy is ON and the load current is positive, Dy is
conducted; if S; is ON and the load current is negative, D; is
conducted; if o is ON and the load current is negative, S» is con-
ducted. The processor of the inverter derives the required duty
cycle for the power devices to control the torque or speed of the
electric machine. According to Fig. 26 and the direction of the
load current, the processor can judge which device is carrying
the current. Because the duty cycle is also known to the proces-
sor and, therefore, the average conductive losses of the devices
can be derived by using (10)—(13). For instance, if the duty cy-
cle of the S; is d and the load current is positive (¢ > 0), as the
conditions shown in Fig. 26(a) and (b), the average conductive
loss of IGBT S} and D; shown in (10) and (11) become V.. I.d
and Vi Ip (1—d), respectively. In addition, the average switch-
ing loss can be obtained by using the lookup tables and (14)
and (15). When the average conductive and switching losses
are obtained, the average power losses of the IGBT P; and the
diode Pp for a switching cycle are represented as

Pr = P, igvt + Psignt
PD = Pc,diode + j:)s,diode~

(16)
a7
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TABLE III
SIMULATION PARAMETERS FOR POWER LOSS PROFILES

DC-link voltage 300V Fundamental frequency 50 Hz
Modulation method SVPWM Load resistance R 0.5
Modulation index 0.8 Load inductance L 0.5 mH

V. DETERMINATION OF CALCULATION RATE FOR THE FAST
ELECTRO-THERMAL MODEL

As presented in Section II, many calculation steps are required
to obtain the junction temperatures of all power devices. If a long
real-time simulation is required, such as drive cycles, the com-
putational time would be very long and the memory resources
may be not enough. Therefore, the proper calculation rate for
junction temperature estimation should be determined to reduce
the computational time while keeping the required accuracy of
the estimated junction temperatures. The junction temperature
estimation includes two parts: power loss estimation and the
thermal model of traction inverter. Therefore, the calculation
rate of junction temperature estimation is determined by both
the power loss profiles and properties of thermal impedance.

A. Calculation Rate Considering Power Loss Profiles

A simulation of traction inverter with RL load is conducted to
get the power loss profile of each device. The simulation circuit
parameters are listed in Table III. The power loss properties of
power module FF600RO6MES3 from Infineon are applied for the
simulation, and the switching frequency is set to 10 kHz. The
derived power loss lookup table in Section IV is applied to get
the switching cycle-based average losses. The average power
losses of devices in a phase leg are obtained by using Matlab
simulation, and they are shown in Fig. 27. It can be found
that the power loss profiles are similar to the half-sinusoidal
waveforms. As shown in Fig. 28, the dominant harmonics of
power loss profiles are the first and second orders.

The Nyquist—-Shannon sampling theorem presents that a
band-limited function can be reconstructed if the band limit
is smaller than half of the sampling rate. If the theorem is not
satisfied, the spectrum of sampled sequence is different from
that of the original function, and this phenomenon is defined as
Aliasing. If the calculation rate for junction temperature esti-
mation can meet the Nyquist—-Shannon sampling theorem, the
aliasing can be avoided. Unfortunately, the power loss profiles
are not band-limited signals and, therefore, there is always alias-
ing with any calculation rates. However, if the calculation rate is
higher than the two times of the maximum dominant harmonics
of power loss profiles, severe aliasing can be avoided, and the
power loss profiles can be obtained with high accuracy. Since
the maximum dominant harmonics of power loss profiles is the
second order, the calculation rate should be set to two times as
higher as the second order. If the calculation rate and maximum
fundamental frequency of the electric traction machine are de-
noted as f., and f;, respectively, the calculation rate should
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meet the constraint

fcal > 4f1

Taking the Prius 2004 HEV as an example, the maximum fun-
damental frequency of the electric traction machine f; is around
350 Hz with vehicle speed 150 km/h. Considering this worst case
and the calculation rate constraint of (18), the calculation rate
fca1 have to be higher than 1400 Hz to avoid the severe alias-
ing. In order to verify this calculation rate constraint, electro-
thermal simulations are conducted by using the derived thermal
impedance in Section II and the measured power loss lookup
table in Section IV. The developed electro-thermal model is
implemented in the M-file of the Matlab. The simulation pa-
rameters are the same as Table III except that the fundamen-
tal frequency is set to 350 Hz. Two cases of the simulation
are conducted for the comparison: 1) f.,; = 714 Hz (every 14
switching cycles), which is lower than 1400 Hz and violates the
constraint of (18);2) f.a1 = 1429 Hz (every seven switching cy-
cles), which is higher than 1400 Hz and can meet the constraint
of (18). Also, electro-thermal simulation with 10 kHz calcula-
tion rate is conducted. It calculates the power loss and junction
temperature at every switching cycle, and the result is close to
the actual temperature profile. Therefore, the temperature profile
with 10 kHz calculation rate is regarded as the benchmark for the
accuracy comparison.

Fig. 29 shows the temperature rise of the simulation case 1.
It can be found that the profile with 714 Hz calculation rate
is far away from the result obtained with 10 kHz calculation
rate. The calculation rate cannot satisfy the constraint of (18),
and the severe error is introduced because of the severe aliasing
phenomenon. For comparison, Fig. 30 shows the temperature
rise of the simulation case 2. Because the calculation rate can
meet the constraint of (18), a very slight error can be found
between the results obtained with 1429 Hz and 10 kHz. Instead
of calculating the power loss and the junction temperatures of
devices at every switching cycle, these calculations can be con-
ducted at every seven switching cycles, and it can still guarantee
the accuracy. It means that the power losses and junction tem-
peratures are calculated every seven switching cycles instead of
each switching cycle, which can significantly improve the speed
of the electro-thermal simulation. According to these simula-
tion results, the derived calculation rate constraint is verified.

(18)
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It should be noted that the 350 Hz small temperature variation
in Fig. 30 is generated by the fundamental frequency power
loss variation. Because the fundamental frequency is relatively
higher compared to thermal impedance corner frequency, the
fundamental frequency variation is small.

B. Calculation Rate Considering the Properties of Thermal
Impedance

In the stand-still operation mode of the electric traction ma-
chine, huge dc current goes through partial of the power devices
and junction temperatures are raised very rapidly due to the
large constant power loss and small thermal capacitance of sil-
icon die. If the calculation rate is set very low, massive errors
would be introduced between the actual and estimated temper-
ature rise and, therefore, the overtemperature protection cannot
be implemented in time. In this section, the impact of calculation
rate on the maximum error of estimated junction temperature
is analyzed.

The temperature rise produced by the self-heating is much
faster than that produced by thermal coupling because the time
constant of thermal impedance for thermal coupling is relatively
larger. Therefore, just the self-heating is considered for the anal-
ysis of maximum error of estimated junction temperature. The
temperature rise of IGBT #1 can be represented as (19) by
using the obtained parameters shown in Table II and constant
power loss P

Rll,l(l — e—t/Tn,l) + RlLQ(l _ e—t/nl’z)

AT(t)=P
+R1173(]_ _ e*t/ﬁm) + R11,4(]- _ e*t/711,4)
(19)
The derivative of the temperature rise is derived as
AT
o E (Rmet“"' B2 vne (g
dt T11.1 T11.2

. Ry 3 et/ms Ry14 et/““) '
Ti1.3 Ti14

The maximum derivative of the temperature rise is derived
as

dAT(t R R
( )|t:0 _ P< 11, e

Riis  Ria
+ + .
dt Ti11 T112 Tl Til4

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 5, MAY 2017

35 T T T T T T T T T
— fea=1000Hz
ok i
3 — fer=10 kHz
© st |
[+]
]
— 2{]- -
2
2
& 15F 1
o
[=%
5 1o |
l—.
5 »6°C:.. J
0 0.005 001 0015 002 0025 003 0035 004 0045 005
Time (s)
Fig. 31. Temperature rise with f.,; = 1000 Hz and f.,; = 10 kHz (bench-

mark for comparison).

If the calculation interval is denoted as At¢, the maxi-
mum error of the estimated junction temperature 7o, ax 1S
obtained as

R R R Ry 4
Terrmax%P( o, e s 114>At. 22)

Ti1.1 T1122 T11.3 T11.4

With specific constant power loss P and maximum tem-
perature estimation error Tg;, max, the calculation interval is
derived as

At ~ TeI'I'JIlaX (23)
Ry Ryio Ry Ry’
P (7'11,1 + T112 + T113 + Ti1.4 )
Therefore, calculation rate is represented as
Riia Riio Riis Riia
P(Tu,l + T112 T11.4 + 711,4)
o= : (24)
Terr,max

If the required error of estimated temperature is smaller than
the specific value T, _nax, the calculation rate f.,; has to meet
the requirement

fcal > f2- (25)

Simulation is conducted to verify (25). Assuming P =
675 W and T)r max = 5 °C, the calculation rate f5 is calcu-
lated as 1819 Hz according to (24). Two different calculation
rates are simulated for comparison: one is f.,; = 1000 Hz (ev-
ery ten switching cycles) and the other one is f..1 = 2000 Hz
(every five switching cycles). Similar to Section V-A, the result
with f.,1 = 1000 kHz is applied as the benchmark for the com-
parison. Fig. 31 shows the temperature rise with calculation rate
1000 Hz. It can be found that the maximum estimation error
is 6 °C, which is higher than the desired value. It is mainly
because that the calculation rate cannot meet the requirement
(25). Fig. 32 shows the temperature rise with calculation rate
2000 Hz. Since the calculation rate can meet (25), the maximum
estimation error is 3.5 °C, which is smaller than 7%, 1 ax-

Considering the requirements of calculation rate shown in
(18) and (25), the calculation rate can be selected as (26) to
speed up the calculation

fcal = max(4f1 5 fZ) (26)
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VI. CONCLUSION

In this paper, a fast electro-thermal model is proposed for the
traction inverters in electrified vehicles. The linear assumption
based thermal modeling method is applied to the thermal model
of the entire inverter. The impact of the thermal spreading effect,
heat convection, and temperature-dependent material thermal
properties on the linear assumption is investigated by ANSYS-
Fluent simulation. It is concluded that the thermal spreading
effect and heat convection have introduced a negligible error to
the linear thermal model. However, the temperature-dependent
thermal conductivity of AlsO3 can introduce relatively larger
errors to the thermal model at room temperature. In order to
reduce the error due to the temperature-dependent conductivity,
the thermal conductivity at the average temperature of the pos-
sible material temperature range is applied in this paper. With
the proposed method, the error introduced by the temperature-
dependent thermal conductivity can be improved from around
7% to 2%. Besides, a method to determine the calculation rate
is proposed by considering both the properties of the thermal
model and power loss profile. With the proposed method, it
is unnecessary to calculate the power losses and junction tem-
peratures of power devices for every switching cycle. Instead,
the junction temperature can be calculated for more than ev-
ery five switching cycles while keeping the required accuracy.
Therefore, the proposed method can significantly reduce the
computational burden, which is vital to long-time simulation
needed for electrified vehicles.
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