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IGBT Temperature Field Monitoring Based on
Reduced-order Model
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Abstract—With the rapid development of the world economy,
IGBT has been widely used in motor drive and electric energy
conversion. In order to timely detect the fatigue damage of IGBT,
it is necessary to monitor the junction temperature of IGBT. In
order to realize the fast calculation of IGBT junction temperature,
a finite element method of IGBT temperature field reduction is
proposed in this paper. Firstly, the finite element calculation
process of IGBT temperature field is introduced and the linear
equations of finite element calculation of temperature field are
derived. Temperature field data of different working conditions

are obtained by finite element simulation to form the sample space.

Then the covariance matrix of the sample space is constructed,
whose proper orthogonal decomposition and modal extraction are
carried out. Reasonable basis vector space is selected to complete
the low dimensional expression of temperature vector inside and
outside the sample space. Finally, the reduced-order model of
temperature field finite element is obtained and solved. The
results of the reduced order model are compared with those of the
finite element method, and the performance of the reduced-order
model is evaluated from two aspects of accuracy and rapidity.

Index Terms—IGBT Junction temperature, Proper orthogonal
decomposition, Reduced-order model.

I. INTRODUCTION

ITH the rapid development of the world economy, IGBT

is more and more widely used in motor drive and electric
energy conversion. The safe operation of IGBT is becoming
more and more important. The state monitoring of the system
has become the focus of reliability research. According to the
stress analysis of IGBT, too high junction temperature
amplitude or too large junction temperature fluctuation is the
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main cause of internal fatigue damage and even failure of
power devices [1]-[2], thus affecting system reliability.

In order to evaluate the fatigue damage of IGBT and predict
its life in time, real-time monitoring of IGBT junction
temperature is necessary. However, in the IGBT package
structure, semiconductor chips are usually placed inside the
device module, so it is difficult to measure the junction
temperature directly. Therefore, scholars have proposed a
variety of methods to measure and calculate the junction
temperature of IGBT.

In order to directly study the nodal temperature variation of
IGBT, some scholars adopted direct measurement methods,
including contact method and radiation temperature
measurement [3]-[5]. The contact method is to measure the
junction temperature of the power device by removing the
thermal sensitive element directly from the surface of the
semiconductor chip inside the power device. Radiation
temperature measurement method refers to the use of infrared
thermal imager to photograph the chip layer surface, so as to
obtain the power module chip layer two-dimensional
temperature  distribution image. However, this direct
measurement method is limited by the internal structure of
IGBT, which is difficult to be applied in engineering due to
insufficient contact between temperature sensitive elements
and chip and inaccurate material emissivity.

In addition to direct measurement, calculation methods are
also commonly used to obtain IGBT junction temperature,
mainly including thermal network model method and finite
element calculation method. The thermal network model
method is equivalent to the thermal resistance and heat capacity
network, and the junction temperature is calculated by using the
power loss and shell temperature of the power device. This
method is quick in calculation, but it needs accurate
measurement or parameter identification of heat resistance and
heat capacity [6]-[8]. In the finite element calculation of IGBT
junction temperature, IGBT power loss should be used as the
heat source for electrothermal co-simulation [9]. This method
can accurately calculate the temperature field of IGBT module.
However, the large amount of calculation and long time of
finite element calculation are not conducive to real-time
monitoring of IGBT junction temperature and digital twin
application [10]-[11].

In order to improve the speed and accuracy of IGBT
temperature monitoring model, this paper studies the
reduced-order method of IGBT temperature field finite element
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model on the basis of IGBT temperature field simulation
calculation.

In this paper, the IGBT thermal steady-state finite element
model is firstly established. Then the modal extraction of
temperature field sample space is carried out by using the
proper orthogonal decomposition. The finite element model of
temperature field is simplified to carry out the rapid calculation
of temperature field, and the effectiveness of the reduced-order
model is evaluated.

II. REDUCED-ORDER MODEL OF IGBT MODULE TEMPERATURE
FIELD

A. Proper Orthogonal Decomposition of Finite Element
Model of IGBT Temperature Field

In the finite element calculation of IGBT temperature field,
the partial differential equation of transient heat conduction
problem needs to be written according to IGBT internal heat
source and convective boundary conditions, and the boundary
conditions are given. Next, the solution domain is discretized
into finite subdomains according to the segmented grid
[12]-[13]. Then Galerkin method is used to construct the finite
element form of the steady-state heat conduction problem
which is transformed into linear equations to solve the variable
values of each grid node, as in (1),

KT =L (1
where K is the mxm stiffness matrix, including heat conduction
matrix K1 and convection matrix H, which is composed of heat
conduction matrix and convection matrix. It represents the heat
transfer performance of IGBT, and is only related to the
material properties and division mode. L is the load matrix,
including the heat source vector G and the heat flux vector F,
which consists of heat source vector and heat flux vector, and
mainly reflects the heat source of IGBT. K and L are shown in
(2) and (3),

K=K +IK, 2)

L=0L +hT,L, 3)
where 7K2, QL1 and hTxL» are convection matrix H, the heat
source vector G and the heat flux vector F. By solving the
linear equations, the temperature of each network node can be
obtained and the temperature distribution of IGBT can be
obtained[14].

The dimension of the general finite element equations is
large, and it takes a long time to directly solve the linear
equations. Therefore, the proper orthogonal decomposition
method can be used to build the reduced-order model to
improve the calculation efficiency.

Proper orthogonal decomposition is a common data
dimension reduction method, whose basic principle is as
follows: Suppose that a function or physical field vector space
U(x) can be approximated by an orthogonal basis, as in (4),
where @;(x) is the basis function or basis vector.

U(x) =im(p,-<x> @)

U'(x)= Zmo @) 5)

The purpose of the proper orthogonal decomposition is to
find a set of orthogonal basis function best on U(x) or base
vector approximation, so need to get U(x) of a part of the
sample data, the sample space is usually expressed as the form
of matrix, which is also called the snapshot matrix, each
column in the sample space the number a moment or a
condition of the physical fields at different spatial location of
the data. To solve the eigenvalue problem based on the sample
data, the eigenvalue represents the energy of the physical field
contained in the corresponding mode. The obtained modes are
sorted in descending order according to the eigenvalue, and the
modes of the first order r are selected for approximation. The
original function or the vector space U(x) of the physical field
can be expressed as in (5). The specific implementation process
of the intrinsic orthogonal decomposition method is shown in

Fig. 1.

| Building sample space U |

v

Generating the covariance
matrix R=U'U

v

Solving eigenvalue RP=1P

Sorting and selecting according
to the eigenvalues 1

v

| Getting the POD mode |

Fig. 1. The flow of proper orthogonal decomposition method.

Taking Infineon-FS200R07AS5E3 IGBT of Infineon as
reference, the thermal model of IGBT module is established in
COMSOL Multiphysics. The top surface of the module is set as
adiabatic boundary condition. Considering the role of radiator,
the bottom surface of the module is defined as convective heat
flux boundary condition, which includes heat transfer
coefficient 4 and external temperature 7cx. When the module is
used as an inverter, the power loss is evenly distributed among
the chips, assuming that the power loss Q is evenly distributed
among the chips.

L(w) T,(w,) L(w,)
U< ,(w) T,(w,) ©)
T,(w) T,(w,) T,(w,)

It is defined that parameter vector w contains the total power
loss Q and heat transfers coefficient # of IGBT module, which
is w=(h,0Q), representing the operating conditions of IGBT
module. The sample space U of IGBT module temperature field
is shown in (6), which is composed of temperature data of m
nodes and n operating conditions. The temperature field data of
each column of matrix U when the parameter vector is fixed.
Each element Ti(w)) in the matrix is the node temperature
numbered 7 under the working conditions defined by w;.
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The top surface:
adiabatic boundary condition

The bottom surface:
convective heat flux boundary
condition

Fig. 2. IGBT module finite element analysis results.

The geometric model of IGBT module is divided into grids,
which contain 2770 node positions in total, as in Fig. 2.

12 groups of working conditions as in Fig. 3 are selected for
finite element simulation. The sample space is consist of
simulation results.
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Fig. 3. Sample space composition.
In order to extract the basis vectors that can effectively
represent the sample space U, proper orthogonal decomposition
is performed on the vector space. The matrix U is not a square
matrix. The covariance matrix, as in (7), is formed by
multiplying the matrix U and its transpose matrix UT
UU'® = Ad @)
where @ is Eigenvector matrix, @ = (91, @2,..., @m), A is
angular matrix of diagonal elements with eigenvalues, A = diag
(41, A2,..., Am). M eigenvalues and eigenvectors can be obtained
by solving the eigenvalue problem of the covariance matrix.
After the proper orthogonal decomposition of the signal, the
magnitude of the eigenvalue represents the magnitude of the
signal energy contained in the mode [15]. M eigenvalues are
sorted in descending order, and m eigenvectors are sorted in
order of eigenvalues. Generally, the first several eigen roots are
much larger than the latter, which means that the first several
modes can contain most of the energy of the signal, which is
enough to summarize the characteristics of the whole signal and
restore the original matrix. In order to select as few modes as
possible to approximate the original matrix, the relative energy
of each mode can be calculated according to (8).
E = 4

4 m

2
k=1

Proper orthogonal decomposition is carried out on the
sample space. The eigenvalues are arranged in descending
order, and the relative energy of each mode is calculated. The
relative energy curves of the first 15 orders are drawn in Fig. 4.

(i=12,..,m) (8)

It can be seen that the relative energy of each mode gradually
decreases, and the relative energy of the first four modes is
relatively large.

lolJ

L
i
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Fig. 4. The relative energy ratio of the first 15 modes.

Table I lists the eigenvalues of the first 6 modes, as well as
the sum of the relative and cumulative energies of each mode.

TABLE 1
EIGENVALUES AND ENERGY RATIOS OF THE FIRST 6 MODES AND CUMULATIVE
RNERGY RATIOS
Cumulative energy ratio

i Eigenvalue 4; Energy ratio E; -
1 1.72¢08 0.99964 0.999636
2 6.23¢04 0.00036 0.999998
3 2.36e02 1.37¢-06 0.999999
4 0.31 1.78e-09 1.000000
5 8.05¢-08 4.68¢-16 1.000000
6 6.89¢-08 4.00e-16 1.000000

When selecting modes, the principle of E; > 107'? is adopted.
Therefore, the first four modes can be selected for
approximate reduction of sample space U. According to Table
I, the sum of the relative energy of the first four modes is very
close to 1, which can summarize most features of the signal.

According to the principle of proper orthogonal
decomposition, the snapshot matrix U can be decomposed into
the product of the eigenvector matrix @ and the coefficient
matrix A, which is U=®A. Coefficient matrix A=[a(w),
a(wy),..., a(w,)]. Each column in the coefficient matrix of
a(p)= [a(w), ax(wy),..., an(w)]T, i=1,2,...,n. Then each
column vector 7(w;) in snapshot matrix U can be decomposed
into the product of feature vector matrix @ and coefficient
vector a;, as in (9).

T(wi)zzaj(w[)¢j =Pa(w,) )
j=1

Since the eigenvector matrix obtained by the proper
orthogonal decomposition is orthogonal, the coefficient matrix
a(w;) of the temperature field T(w;) can be solved according to

(10).
a(w,)=®"'T(w,) (10)
The former mode of order r is selected to approximate the
original temperature field data 7(w;), and the approximate value
T(w;) can be expressed as in (11), where @, is the eigenvector
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matrix composed of the former r order eigenvectors, which is
QV = (¢15 ¢27”" (0'”)

L(w,):iaj(w[)qo, —d,a,(w,) (11)

B. Construction and Solution of Reduced-order Model

The combination of proper orthogonal decomposition and
Galerkin method can be used to construct a reduced-order
model of sample space. First, the basis function or basis vector
can be obtained by using the proper orthogonal decomposition.
The quantities to be solved are expressed as linear
combinations of basis functions or basis vectors as approximate
solutions. In Galerkin method, the basis function or basis vector
is also used to construct the weight function. The partial
differential equation is multiplied by the weight function and
integrated over the solution domain to obtain the weak solution
form. By substituting the approximate solution and weight
function into the weak solution form, the linear equations of the
original problem can be obtained. The low-dimensional linear
equations can be obtained by projecting the equations onto the
subspace of the basis vectors obtained by the proper orthogonal
decomposition. The dimension of the equations is independent
of the mesh number, which is consistent with the modal number
obtained by the proper orthogonal decomposition, and greatly
reduced compared with the original equations. Finally, the
specific steps of building the reduced-order model based on the
proper orthogonal decomposition method are summarized as
follows:

1) The temperature field data at m locations under n different
working conditions are obtained through finite element
simulation of the original model, which is used to form the
sample space U.

2) Calculate the covariance matrix UUT. By solving the (7),
the eigenvalue A:(i=1,2,...,m) and the eigenvector ¢;
(==1,2,...,m), and then arrange them according to the order of
eigenvalues from large to small;

3) The first r eigenvectors are selected as the basis vectors so
that the first r modes contain almost all the energy of the signal.

4) The higher-order equations shown in (1) are projected
onto the basis vectors to obtain the reduced-order equations.
Then the numerical reduced-order model of the original finite
element model can be obtained.

5) Assemble system matrix according to finite element
theory. Solve the temperature field data.

After the construction of the reduced-order model is
completed, the temperature field data can be quickly solved by
solving the low-order equation. The specific method is as
follows:

Equation (12) can be obtained by substituting (11) into (1).

K® a(w)=L (12)

For the working condition w, which is not repeated with the
12 working conditions in the sample space, the temperature
field data under the corresponding unknown working
conditions can be obtained as long as a(w) is solved. Equation
(12) is composed of m equations and » unknowns. In order to
eliminate redundant equations and determine the unique
solution, multiply both sides of (12) by @&, transpose, and

substitute (2) and (3) into (12), and (13) can be obtained, where
K, and L, can be obtained from (14) and (15) respectively.

Kaw)=L, (13)
K, =&/ K®, +ho] K0, (14)
L =0®'L +hT, DL, (15)

Through the above transformation, the m-dimensional
higher-order equations shown in (1) are transformed into the
r-dimensional equations shown in the solution (12), so as to
complete the reduced-order operation of the original finite
element model. Because of » << m, solving (12) is much faster
than solving (1).

III. SIMULATION AND PERFORMANCE EVALUATION OF
REDUCED-ORDER MODEL

A. Reduced-order Model Simulation in Sample Space

Fig. 5 shows the finite element simulation temperature image
of IGBT module chip layer under the working condition w =
(1000W/(m?-K), 200W), which means heat transfer coefficient
h is 1000W/(m?-K), and he total power loss Q is 200W.
According to (11), the temperature field under this working
condition is reduced by using the former » mode. Whenr=1, 2,
3 and 4 are selected, the low-dimensional expressions of the
original temperature field are shown in Fig. 6 respectively. It
can be seen that with the increase of the number of selected
modes 7, the difference between the temperature field data
restored by » modes and the original temperature field data
becomes smaller and smaller. When =4, the original
temperature field data can be accurately restored by using the
four modes, and the maximum and minimum values of
temperature distribution are the same as the finite element
simulation results.

It can be seen from Fig. 6 that the linear combination of
r-dimensional feature vectors is used for approximate reduction
of the original temperature field data. The approximate effects
are different when the number of selected modes r is different.
In(11), r=1,2,3,4 are respectively selected for reduction of the

original temperature field to calculate the average relative error
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Fig. 5. Finite element simulation results(w = (1000W/(m?-K), 200W)).
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Fig. 6. Calculation results of reduced-order model.
TABLE 11
MEAN RELATIVE ERROR OF LOW DIMENSIONAL APPROXIMATION IN SAMPLE
SPACE
r 1 2 3 4
Meanrelative - 5 5 56,702 2.96x10° 1.34x1071°

error (%)

of the original temperature field data and the approximate
temperature field data. Table II shows the calculation results.

As can be seen from Table II, when the selected modal
number r increases, the calculation result of average relative
error gradually decreases and the approximation effect of the
original temperature field data improves.

B. Reduced-order Model Simulation Outside Sample Space

When the actual working conditions of the temperature field
to be solved are different from those in the sample space (for
example, w = (1250W/(m?-K), 250W)), finite element
simulation of IGBT is carried out. Fig. 7 shows the calculation
results of the bottom temperature of the IGBT chip layer. In
addition, the temperature field data under w = (1250W/(m?-K),
250W) is calculated by the reduced-order model, and the
temperature distribution of IGBT chip layer is obtained. When
different mode numbers » = 1, 2, 3, and 4 are selected, the
obtained results are shown in Fig. 8 respectively. By comparing
the results of the reduced-order model with those of the finite
element method, it can be seen that the results obtained by the
two methods are basically same. With the increase of mode
number 7, the temperature field distribution obtained by the
reduced-order model is closer to the finite element simulation

results. When r = 4, the temperature field distribution obtained
by the reduced-order model is basically consistent with the
finite element simulation results, and the maximum and
minimum temperature distribution are the same as the finite
element simulation results.
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Fig. 7. Finite element simulation results(wi ( 1;50W/(m2-K), 250W)).
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Fig. 8. Calculation results of reduced-order model.

20

In order to evaluate the influence of the number of modes
selected in the reduced-order model » on the solution
accuracy of temperature field, different mode numbers » =
1,2,3,4 are selected under the condition of w =
(1250W/(m2-K), 250W). Equations of different dimensions
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are obtained by using the reduced-order model, and the
temperature field is solved. The average relative error
between the temperature field and the finite element
simulation results is calculated, as in Table III.

TABLE III

THE AVERAGE RELATIVE ERROR OF THE RESULTS CALCULATED BY THE
OUT-OF-SAMPLE SPACE REDUCED ORDER MODEL

r 1 2 3 4

Mean relative

-4
atror (%) 1.60x10

1.79 6.54x1072 3.47x1073

As can be seen from Table III, the larger the number of
selected modes r is, the smaller the calculation error of the
reduced-order model is. When mode 4 is selected, the
calculation result of the reduced-order model is basically the
same as the finite element calculation result.

C. Evaluation of Accuracy and Rapidity of Reduced-order
Model

The reduced-order model is used to solve the temperature
field under different working conditions, and the maximum
value of the IGBT model temperature field is extracted, as in
Fig. 9.The plane in Fig. 9 is the junction temperature upper
limit that IGBT module can withstand, 7%;=175°C. The working
conditions of IGBT module can be determined when the steady
state temperature does not exceed the junction temperature
upper limit.

Fig. 9. Maximum temperature of IGBT module under different working
conditions.

In order to evaluate the accuracy of the reduced-order model,
the finite element simulation method and the numerical
calculation method of the reduced-order model with 4 modes
are used to solve the temperature field under different working
conditions. Fig. 10 shows the calculated average error at each
position. The heat transfer coefficient % ranges from
10W/(m?-K) to 2000W/(m?-K), and the total power loss ranges
from 10W to 600W.It can be seen that the average error of the
calculation results of the reduced-order model at each position
increase with the decrease of the heat transfer coefficient H and
the increase of the total power loss Q, and the average error is
lower than 0.05553°C.

Considering the calculation error of the temperature field of
the reduced-order model and the calculation result of the IGBT
junction temperature, it can be found that the difference
between the calculated result of the reduced-order model and
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Fig. 10. The relative error of calculation results of reduced-order model.

that of the finite element is less than 0.1%, which indicates that
the calculated result of the reduced-order model is accurate
enough.

In order to evaluate the rapidity of the reduced-order model,
the calculation time of the two solutions is determined and
compared, as in Table IV.

TABLE IV
COMPARISON OF COMPUTING TIME BETWEEN DIFFERENT SOLVING MODELS

Finite element
model (refined
mesh)

Finite element
model (coarse
mesh)

Reduced-order
model

Time(s) 35 3 0.032814

The finite element model mesh contains 1028,522 degrees of
freedom when the refined mesh element is used for section. The
time required for a simulation solution is 35s.When the coarse
mesh element is used for section, the finite element model grid
contains 2770 degrees of freedom, and the time required for a
simulation solution is 3s.After reducing the order of the finite
element model with 2770 degrees of freedom, it takes
0.032814s for the model to perform a numerical calculation. By
comparing the calculation time of several methods, it can be
seen that the reduced-order model greatly reduces the time
needed to solve the temperature field of IGBT module. When
the original model is more complex and the degree of freedom
is higher, the reduced-order model plays a more significant role
in reducing the calculation time.

IV. CONCLUSION

Based on the finite element calculation of temperature field,
the reduced-order model of IGBT module temperature field is
proposed in this paper. Taking Infineon-FS200R07ASE3 IGBT
of Infineon as an example, the simulation calculation and
verification can be concluded as follows:

(1) The sample space of temperature field can be
approximated in low dimension according to the relative
energy of the modes. The characteristic of the relative energy of
the first several modes is much larger than that of the other
remaining modes. For the research object adopted in this paper,
it is better to adopt the first four modes approximation

(2) The results of temperature field calculation show that the
accuracy of the results can be guaranteed by the results of the
reduced-order equations under different working conditions,
and the error between the results of temperature field
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calculation and the finite element results is less than 0.1%.

(3) Compared with the finite element model, the calculation
time of the reduced-order model is greatly reduced. In this
paper, the calculation time of the finite element model can be
accelerated from 3s to 0.03s.
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