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Abstract— this paper presents an improved thermal
equivalent circuit model which provides an accurate thermal
and loss estimation for integrated power modules. Thermal
analysis is a critical issue for power electronic systems, it
estimates the thermal performance of power devices and
enables a flexible converter design. Unlike the conventional
thermal models, the modified analytical thermal model takes
the temperature dependency of loss into account and achieves
a more realistic electro-thermal prediction. The thermal and
loss analysis is the interaction of temperature and loss thus its
accuracy is significantly improved. Finite element analysis
(FEA) and experiment were performed to validate the
modified thermal equivalent circuit model and the estimation
shows a good agreement with the verifications.
Keywords – power converters, thermal
temperature dependency, FEA simulation

modeling,

I. INTRODUCTION
During recent decades, the power density of power
electronic devices keeps increasing steadily due to the
requirement of smaller size. The requirement of quick and
accurate thermal analysis draws more attention as a
consequence [1]-[3]. Integrated point-of-load (POL) power
modules shown in Fig. 1 are one of the products in great need
of thermal analysis due to their high power density, small
size and usually hot environment. Buck converters shown in
Fig. 2 is a major type of point of load converters and has
taken a large portion of the integrated power module market.
They are widely used as power supplies in computer,
telecommunication and other portable devices. For
capsulated point-of-load converters with 5-20A full load
current, the power density can achieve 500W/in3, and for the
converters with less than 5A load current the maximum
power density can exceed 1000W/in3. Thermal modeling of
integrated power solutions is critical for system design and
optimization. An accurate thermal estimation can provide a
reasonable reference for the selection of current rating and
switching frequency to achieve better performance and avoid
system failure. It can also provide parameters including
thermal resistance and derating curves which are always
required in the datasheet [4]-[6].

modeling. Several emerging modeling methods make use of
advanced simulation software and mechanical disassembling
technologies to achieve more detailed and convincing
thermal models [1][2]. For steady-state, the capacitors are
fully charged so that they could be ignored and the tworesistor compact model shown in Fig. 3 is obtained. This
model can be applied to the ICs or power modules to
estimate their thermal performance. The junction to case
thermal resistance (șJC) and junction to ambient resistance
(șJA) are critical parameters that enable the estimation of
junction temperature [7]. The thermal resistance values can
be found in the datasheet and the junction temperature can
be simply calculated as long as the heat dissipation is
obtained. Methods such as thermal simulation and
temperature sensing are utilized in addition to modelling to
assist in thermal analysis [8]-[10].
However, several factors limits the accuracy of the
thermal equivalent circuit models. For the actual integrated
point of load converters, both semiconductor loss and
inductor loss are affected by the temperature which is not

Thermal equivalent circuit models, which utilizes
fundamental circuit components to simulate thermal
performance are a fast and effective way for thermal
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considered as an input in the conventional thermal models.
As a majority-only carrier, the turn-on resistance of
MOSFET increases as the temperature rises. Also the
resistivity of copper is in proportion to temperature rise so
that more winding loss will be generated when the
temperature gets higher. Moreover, higher loss in turn results
in a further temperature rise [11]-[15]. On the other hand,
temperature rise also changes the ability of heat dissipation
which also affects the thermal performance. Therefore, the
actual loss is more or less different from calculation
depending on the operating condition and it can result in a
serious error to the prediction of thermal model. In
consequence, adding the interaction of temperature, loss and
heat transfer coefficient into the model is necessary for
thermal analysis. Meanwhile, thermal resistances defined in
two-resistor compact models only apply to normal ICs which
are in compact package with only one heat source, or the
small packages where the temperature is almost evenly
distributed on the surfaces. For the power modules or
integrated multi-phase converters with more than one source
of heat, each heat source has an impact on the others and the
distribution of heat dissipation is not uniform. Thus more
nodes and resistors need to be added into the circuit model.
In this paper, a modified thermal equivalent circuit model
which includes temperature dependency of loss into account
and achieves a more accurate thermal estimation. The circuit
topology is also modified to provide the details of multiple
heat sources. The paper is organized as follows: Section II
analyzes loss of the target converter, equations of the losses
are derived and assigned in the corresponding part of power
module. Section III constructs a modified circuit topology
based on Foster model with increased reliability. Section IV
integrates the information in Section II and III to
accommodate the circuit model and predict the thermal
performance. Section V performs a series of simulations and
makes a comparison between circuit model, finite element
analysis (FEA) model and experimental result. Extending
research including the impact of temperature on different
facts are also presented in this section. Section VI concludes
the paper.

Two-Resistor Compact Model

Isometric Drawing of the Integrated Power Module

(integrates two switches and a controller, left side) and an
inductor (right side) [7]. The regulator IC locates in a cavity
and the inductor core serves as the case of power module.
The total loss of the POL converter can be separated into two
categories: the temperature dependent part and the
temperature independent part. Each part is estimated and
serves as a heat source in the thermal model [16]-[21].
A.
Temperature dependent part: winding loss,
conduction loss and core loss
The increasing of winding loss and semiconductor
switching loss together are the most significantly parameters
affected by temperature. The winding loss which is consist
of DC winding loss and AC winding loss is determined by
(1)-(2):

II. LOSS ANALYSIS WITH TEMPERATURE DEPENDENCY
This section introduces the method approaching loss
breakdown of the target power converter which is a crucial
input of the equivalent thermal model. The heat sources in
this case are consist of: regulator loss including switching
loss, conduction loss, gate driver loss and quiescent loss;
inductor loss including winding loss and core loss. The study
case in this paper is a non-isolated DC-DC Buck converter
with the input and output specifications shown in Table I.
Rds_on of high side switch is 20mȍ and it is 10mȍ for the low
side. Fig. 4 shows the isometric drawing of the integrated
point of load converter, it consists of a voltage regulator
TABLE I.
Input voltage
Vin
12V

Output voltage
Vout
5V

ܲ௪ௗ ൌ ሺܲ௧̴ௗ  ܲ௧̴ ሻሺͳ  ߙሺܶ െ ʹͷԨሻሻ

(1)

ଶ
ܲ௧̴ ൌ ܫ̴௦
ܴ 

(2)

Where Pt0_dc is the DC winding loss calculated by I2R
under room temperature and Pt0_ac is the AC loss under same
condition. I_pk_rms is the rms value of current ripple and Rac is
the AC winging resistance which is measured with
frequency swing by LCR meter. T is the operating
temperature and Į is the thermal coefficient of copper, which
is 0.00386. Basically DC loss dominates the total winding
loss so small direct current resistance (DCR) is always a
critical design objective [22].

PARAMETERS OF THE STUDIED INTEGRATED POL CONVERTER

Maximum output
current Iout
8A

Switching
frequency fsw
780kHz
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High switch onresistance Rds_on_hs
20mȍ

Low switch onresistance Rds_on_ls
10mȍ

Dimensions
(mm)
15*9*2.8

Conduction loss of switches considering
temperature is the most critical part of loss analysis.
The Rds_on - temperature curve is always not available,
therefore experimental method is applied to obtain the
increased conduction loss function of temperature.
Due to that switching loss and quiescent loss are
independent on temperature, the increased regulator
loss is the same as increased conduction loss. Table II
presents the measured losses and junction temperature
at different load current (temperature is measured by
IR camera). The initial losses are measured at the
moment of startup, ǻP_cond is the ratio of increased
conduction loss which is the difference of steady-state
loss and initial IC total loss divided by calculated
conduction loss. The initial conduction loss at room
temperature is (3):
ୈ

ଶ
ܲௗ̴ ൌ ሺܫ௫
 ܫ௫ ܫ 
ଷ

ଶ
ሻܴௗ௦̴̴௦ 
ܫ
ଶ
ሻܴௗ௦̴̴௦
ܫ

ଵିୈ ଶ
ሺܫ௫
ଷ

 ܫ௫ ܫ 
(3)

Where D is the duty ratio of the target Buck
converter, the resistances are exactly the values from
the datasheet. With the curve fitting method applied to
the measured temperature and loss, a linear function of
temperature controlled conduction loss is obtained (4):
ܲௗ ൌ ܲௗబ ሺͳ  ߂̴ܲௗ Ψሻ

(4)
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TABLE II.
Load
current (A)
Initial
regulator
loss (W)
Steady-state
regulator
loss (W)
Calculated
conduction
loss (W)
IC
temperature
(°C)
ǻP_cond (%)

MEASURED LOSSES AND TEMPERATURE

2

3

4

5

6

7

8

0.385

0.506

0.739

1.030

1.435

1.886

2.49

0.401

0.538

0.799

1.145

1.597

2.150

2.89

0.074

0.145

0.245

0.373

0.529

0.713

0.93

40

45.4

52.9

63.1

77.6

95

114

21.1

22.6

24.3

30.8

30.6

37.0

42.9

ǻP_cond % = 0.2885T + 9.7828
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Linear Fitted Curve: ǻP_cond % = f (T)

ܲ ൌ ܽܤ
݂

(5)

Where a, b and c are the curve fitted coefficients obtained
from the core sample test. Core loss is not affected by
temperature according to (3), however, for different
operating temperatures, the B-H curve is revised to
correspond the actual flux density swing and the core loss
values are obtained.
B.
Temperature independent loss: switching loss,
gate drive loss, etc.
Switching loss of the power converters is not affected by
temperature because the gate capacitance is unaffected by
temperature [3]. The switching charge Qsw and switching
speed keep unchanged, so the loss remains the same. The
high side switching loss Psw and gate drive loss Pgate are
calculated by (6)-(7):

And Fig. 5 illustrates this curve fitting plot.
Core loss is another temperature dependent factor in the
model. To complete the model, core loss value is simulated
in Maxwell FEA software with a pre-estimated operating
temperature and is manually assigned into the thermal
model. Core loss of ferrite core is determined by the curve
fit loss equation (5):

ǻP_cond % versus Junction Temperature

50.0

ܲ௦௪ ൌ ܸ ή ܫ௨௧ ή ݂௦௪ ή

ொೞೢ
ூ



(6)

ܲ௧ ൌ ܳ ή ܸௗ௩ή ݂௦௪ (7)
Where Ig is the gate current and Vdrive is the gate driver
voltage. Besides the losses, thermal resistances are required
to building a thermal equivalent circuit. FEA simulation is
applied here to obtain the conductional thermal resistance.
Moreover, convectional thermal resistance which integrates
means of convection and radiation to dissipate heat from the
module to the ambient is affected by the heat transfer
coefficient. Thus its value is dependent on the ambient
temperature. It is also simulated in ANSYS FEA software
and then is assigned in the model.
III. MODIFICATION ON EQUIVALENT CIRCUIT TOPOLOGY
This section presents the concept of the modification on
the equivalent circuit model. According to the isometric
drawing shown in Fig. 4, the size of the power module is
15mm*9mm, which is much larger than the voltage regulator
itself. With two different amount of power losses in IC and
inductor, the temperature will not distribute uniformly. The
concept of the proposed thermal resistance model is
illustrated in Fig. 6, the inductor winding is modelled as the
second heat source and two more paths of heat transfer are
added into the model. In order to describe the junction
temperature more precisely, two direct case nodes (IC top
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resistance R_c is added between the case nodes because the
thermal resistance of the case is not negligible and there is a
temperature drop between the nodes.
In addition to the typical power module, the idea of
divided heat sources and direct IC top and inductor case
nodes can be applied to modeling of multi-phase Buck
converters. The equivalent circuit model of a single phase
power module is shown in Fig. 6, more case resistances are
added into the model. Fig. 7 shows the thermal image of a
normal Buck power module [23]-[26].
Generally, the equivalent circuit model uses only one
resistor to represent the thermal resistance between the case
and ambient, so ǻ - Y transform is applied in order to
combine RCA1 and RCA2 into the case to ambient resistor R1
which still represent for the case to ambient thermal
resistance. The equivalent resistances in Fig. 8 are calculated
by (8)-(10).

Modified Thermal Equivalent Circuit Model

ܴଵ ൌ

ோ̴ಲభ ோ̴ಲమ

ܴʹ ൌ ܴ
ܴଷ ൌ

Thermal Image of the Integrated Converter with 2 Hot Spots

ǻ - Y Transform of Thermal Resistances

case node and inductor top case node) are used to model the
junction to case node. The IC top case node is the closest
point to the regulator on the case and it reflects the junction
temperature directly. These two nodes can provide a more
reliable estimation of the IC and inductor winding
temperatures. R_CA1 represents the IC top case node to
ambient thermal resistance and R_CA2 is the inductor case
node to ambient thermal resistance. One more thermal

(8)

ோ̴ಲభ ାோ̴ಲమ ାோ̴
̴ܴͳܣܥ̴ܴ ܥ
̴ ͳܣܥ̴ܴʹ ̴ܴ

ோ̴ ோ̴ಲమ
ோ̴ಲభ ାோ̴ಲమ ାோ̴

 ሺͻሻ
 (10)

Benefiting from the added case nodes which correspond
the hot spots on the top case of power module, the impact of
junction to case and winding to case thermal resistance can
be observed. Based on the loss calculation with 22°C
ambient temperature, a pre-thermal model is built and the
basic thermal performance can be estimated. Error!
Reference source not found. shows the simulated
temperatures of the case nodes sweeping the thermal
resistance between the voltage regulator and module top
case, which can be realized by changing the potting material
inside the power module. Fig. 9 illustrates the temperature
curves shown in Error! Reference source not found., it can
be observed that the junction temperature reduces
significantly with the decrease of junction to case thermal
resistance but the case node temperature rises up. This result
gives a clear impression on the case temperature. Fig. 10
demonstrates the temperatures of winding and the case node
close to it, versus different thermal resistances between the
coil and the case. The case temperature is only slightly
affected by thermal resistance because the coil is very close
to the ambient in the structure of the PSI2 technology [18].

TABLE III. COMPARISON OF DIFFERENT 3D CONFIGURATIONS

Variables

The open frame
version

Normal glue
droplet

Silicone glue
droplet

Filled with thermal
paste

R4(K/W)

NA

120

60

25

R5(K/W)

16

16

16

15

Junction temperature in
analytical model(°C)

NA

107.3

104.9

100.5
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Impact on regulator side

Temperature(eC)

110
105

Junction temperature

100

Case Temperature

95
90
160

140

120

100

80

60

40

20

Junction to case resistance (K/W)
Temperature versus junction to case resistance

Temperature versus junction to case resistance

Impact on inductor side

Temperature(°C)

110
105
100

junction temperature

95

Case temperature

90
85
80
70

60

50

40

30

20

10

1

Inductor to case resistance (K/W)

Temperature versus Inductor to Case Resistance

IV. PRINCIPLE OF THERMAL EQUIVALENT CIRCUIT MODEL
This section presents the modified thermal model based
on the integrated power module and its loss analysis
discussed in section II. The final thermal model combines
the features of modified equivalent circuit and revised
temperature dependent loss. The diagram shown in Fig. 11
shows the flow of proposed thermal analysis method: first,
fundamental loss breakdown is pre-calculated by the
electrical parameters and simulation is performed to obtain
thermal resistance values of each part in the power module.
Second, the junction and inductor temperature are generated
with the variables. If the mathematical method is used to
calculate this iteration, for normal heat transfer problems, the
temperature distribution is determined by the Fourier’s
equation, the differential form is (11):
ݍԦ ൌ െܴ ܶൌ െ ቀܴ௫

ௗ்
ௗ௫

 ܴ௬

ௗ்
ௗ௬

 ܴ௭

ௗ்
ௗ௭

ቁ

(11)

Where ݍԦ the vector of heat flow, R is the thermal
resistance. For the actual power product, the temperature of
each node on the power module can be calculated (12):
ܶ ൌ σୀଵ ܴ ܲ  ܶ௧

(12)

Where Ri and Pi represent for the heat sources and the
thermal resistance between the source and nodes. The
temperatures provide feedback to the loss model and new
loss values are generated, a number of iteration processes are
required to obtain a steady-state solution with an acceptable
error.

Proposed Simulation Model (Room Temperature)

Compared with the math model, the circuit model shares
the same flow of modeling, but with SPICE simulation
software it is much easier and more straightforward. As
shown in Fig. 12, the thermal equivalent circuit utilizes
voltage controlled current source as the temperature
depended heat source. The simulation environment is
LTSPICE. The target of modeling is the steady-state solution
of a DC-DC converter, so capacitors which represent for the
transient thermal capacity are ignored. Error! Reference
source not found. shows the definition of the thermal
resistances and heat sources in the circuit. The value of
thermal resistances are simulation with FEA.
Among these values, R1 and R9 are dependent on the
temperature because the heat transfer of air increases with
the temperature. The surface to ambient thermal resistances
consist of convection resistance and radiation resistance, and
the radiation thermal resistance from the source to ambient
decreases with the temperature. At room temperature, the
radiant heat is always less than 30% of convective heat, but

1370

model, however it usually takes more than 90 minutes to
complete a task. Using the two methods together is an ideal
method to analyze thermal performance.

TABLE IV DEFINITION AND VALUES FOR THERMAL MODEL
Designator
R1
R2
R3
R4
R5
R6
R7
R8
R9
P_t0_ic
P_core
P_t0_winding

Thermal resistance/ Power loss
Equivalent convection thermal
resistance case to ambient
Equivalent thermal resistance in the
case
Equivalent thermal resistance in the
case
Contact thermal resistance from the
regulator IC to the case
Joints from the regulator to the
substrate
Thermal resistance between the coil
and the magnetic material case
Joints thermal resistance from the pin
of the coil through the solider to the
substrate
Joints thermal resistance of the
module, from the substrate to the host
board
Thermal board convection resistance,
from the top of the host thermal board
to ambient
First power dissipation by regulator
loss
Second power dissipation by core loss
Third power dissipation by winding
loss

Value
72K/W
32K/W
32K/W
120K/W
16K/W
1.2K/W
28K/W
1.5K/W
13K/W
2.49W
0.17W
0.97W

as the temperature rises the portion of radiant heat increases.
The radiation of heat follows the equations (13)-(14):
ܲௗ ൌ ߪܣሺܶ௦ସ െ ܶସ ሻ

(13)

ܴௗ௧ ൌ ሺܶ௦ െ ܶ ሻȀܲௗ

(14)

Thermal Estimation by the Proposed Model

Where Prad is the power of radiant heat, ı is a constant, A
is the surface area, Ts is the surface temperature, Ta is the
ambient temperature. The changing resistances are simulated
and put into the model manually. The other thermal
resistances present for the resistivity in heat conduction
through the solid parts in the module do not significantly
impact the temperature.
With all the function of losses are derived and other
values confirmed, the model is built as Fig. 12 in LTSPICE
and simulation results can be achieve to provide estimated
thermal performance. The simulation results by the
equivalent circuit model will be discussed in section V.

FEA Simulation with Steady-state Losses

V. COMPARISON OF SIMULATION AND TEST
The estimation of losses and temperature by the proposed
correlation model is shown in Fig. 13. Case node #J
represents the hot spot close to the voltage regulator on the
top case while case node #L is the spot close to the winding.
The maximum temperature of regulator, which is regarded
as the junction temperature is 113.3°C and the inductor coil
temperature is 95°C. With the purpose of comparison and
verification, FEA simulation and experiment were
performed. Fig. 14Fig. 14 shows the FEA simulation with
ANSYS and Fig. 15 shows the thermal image taken with IR
camera. Both of the results match the thermal model closely
and the error is less than 1%. The FEA simulation provides
a much more detailed and accurate result than the circuit
1371

Steady-state Thermal Image with 8A Load Current

TABLE V THERMAL PERFORMANCE AND LOSS VERUS AMBIENT
TEMPERATURE

Ambient
temperature
(°C)
IC Loss (W)
Temperature
rise (°C)
Winding
Loss (W)
Temperature
rise (°C)

FEA simulation with Steady-State Loss at 40°C

22

30

40

50

60

70

80

2.89

2.91

2.94

2.96

2.98

3.01

3.03

91.3

92.5

93.5

91

90.1

90.4

89.5

1.23

1.26

1.30

1.33

1.37

1.40

1.44

72.8

74.4

75.5

73.5

72.9

73.5

72.9

ambient (91.3°C) although the loss is higher indeed. This
phenomenon indicates that the temperature has a large
impact on the heat transfer coefficient so that heat
dissipiation is improved in high ambient temperature so that
the temperature rise does not increase with the higher
winding and conduction loss.
According to the analysis above, increasing the loss and
decreasing the thermal resistance are two methods that
temperature rise imposes error into the thermal simulation.
In order to study the coupling effect of these two factors, a
series of simulation were performed. 0V presents the losses
and temperature rises versus different ambient temperature,
8A load current is applied. The losses keep increasing with
the operating temperature of power module according to the
results and the temperature rise of IC increases between
22°C and 50°C ambient temperature. While the switches
operating temperature is higher than around 150°C or the
ambient temperature is higher than 50°C, it starts to drop.

FEA simulation with Steady-State Loss at 55°C

Fig. 20 shows the junction and coil temperatures in the
circuit model at different ambient temperature and load
conditions. Series 1 is the junction temperature at 8A load
current, series 2 is the coil temperature at 8A load; series is
the junction with 6A output current and series 4 corresponds
the coil at 6A load. It can be observed that for the studied
case temperature rise is almost in proportion to the ambient
at the same load because the variation of thermal resistance
cancels the effect of increased loss. However, in some
special cases the error could be large enough to affect the

FEA simulation with Steady-State Loss at 70°C

Temperature versus Load and Ambient
Operating temerature(eC)

180.00

FEA simulation with Steady-State Loss at 80°C

Fig. 16 to Fig. 19 present the thermal images which
show the junction and core temperatures when the ambient
temperature varies from 40°C to 80°C. The losses are precalculated to fit this condition. According to these images
as well as Fig. 14, the temperature rise in 80°C ambient
temperature (89.5°C) is a little lower than the rise in 22°C
1372
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Ambient temperature (eC)
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80

performance of thermal design and the model can be utilized
to reduce this error.
VI. CONCLUSION
This paper proposes an improved thermal equivalent
circuit model to help analyze the steady-state loss and
thermal performance at different ambient and load
conditions. The temperature dependency of loss is taken into
account and a correlation circuit model which uses voltage
controlled current source to simulate the variable electrical
loss is built. A number of simulations are performed to verify
the model and analyze the effect of temperature dependency.
It is noted that temperature affects two factors of the thermal
model. One is the increased loss, the other is the decreased
thermal resistance. The proposed thermal model takes these
two factors into account and the accuracy and reliability is
significantly improved. The impact of temperature on heat
transfer coefficient will be quantified and the model will be
further modified in the future.
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