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Abstract - This paper presents a method to combine CFD
simulation with electrical simulation packages. This approach
leads to highly accurate electro-thermal system modeling for
DC-DC converters. Based on an initial power loss of main
components and a thermal model of the converter, a user
friendly CFD thermal simulation is used to obtain an initial
point for case steady-state temperatures. These set of
temperatures are then fed into temperature-dependent electrical
models and simulations. The procedure can be repeated while
error levels remain within an acceptable range. This approach
can lead to a relatively accurate electro-thermal model at steady
state.

I. INTRODUCTION

Most consumer electronics have a traditional maximum
operating temperature of 70°C, however, harsh environment
applications, such as those found in defense, automotive and
oil exploration systems have higher maximum operating
temperatures and require more sophisticated and capable
electronics. In such applications, power converters usually
face conditions of uncontrolled ambient temperature and
space limitations. Moreover, converters usually have to be
contained in a sealed enclosure in order to assure safety and
noise immunity. Thermal management of these systems is
required to achieve a successful and reliable design that meets
high temperature environmental and reliability requirements

[1].

Various approaches have been proposed for reducing thermal
stress in electronic components. Uniformly, each approach
attempts to manipulate the thermal conduction and
convection rate of the environment surrounding the power
components in order to keep them within their thermal limits
[2]. Some methods are based on improving the heat flow, like
increasing convection areas, adding forced air through the
circuit, or using heat pipes with coolant. These approaches
may add exterior components, which translates into more
volume and/or more power needed for the conversion.
Alternative methods are based on packaging techniques.
These techniques are applied at both the semiconductor level
and in the arrangement of physical components [3], [4], i.e.
embedded passive integrated circuits, power module
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integrated lead frame, planar integrated LCT (same package
for several reactive components i.e. inductors, capacitors), etc.
Device temperature is a critical parameter in determining the
electrical behavior of power devices because these devices
dissipate a considerable amount of power (heat) and are often
operated in high temperature environments. Many parameters
of these devices are temperature dependent and are
responsible for the overall performance of the system.
Traditional microelectronic semiconductor models (SPICE,
Saber) have the ability to include temperature dependence in
their models, but the temperature used by the semiconductor
must be chosen prior to the simulation. Thus, temperature
remains constant at the predetermined value during the entire
simulation. Using this approach will result in an inaccurate
model, since these type of devices heat up significantly due to
the power dissipated within the device (self-heating) and the
power dissipated by adjacent devices (thermal coupling).
Therefore, while the circuit’s initial behavior temperature
dependence may be accounted for, after operating it over a
sufficiently long period of time, i.e. enough to stabilize
temperature conditions, the initial model is not necessarily
valid anymore.

There has been significant effort to model thermal effects on
the electronic behavior of components (electro-thermal
behavior) [5], [6], etc. The main goals for these models are to
achieve high precision, accurate temperature characterization,
and simulation efficiency. Most of the methods used to model
the electro-thermal behavior of a component feature a thermal
representation of the device in the electrical model [6]. This
representation consists of multiple RC (resistance-capacitance)
thermal networks, where power losses in the components are
represented as sources of heat, and ambient temperature is set
as the “zero reference.” The RC network represents each
volume of the device and therefore acts as a physical
representation only. Thus, the RC values must be calculated
based on each volume geometry and material property. As a
result, the electrical model is represented as a temperature
function.

Thermal nodes in the network can feed back the resulting
temperature to the electrical model. Most of these approaches
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target the component level, since the geometry as well as the
environment specifications are well defined; i.e. single
TO247 IGBT with heatsink TTC1406 [8], a TO220AB power
MOSFET [5], etc. The dynamic behavior of power electronic
components can also be simulated using the same RC thermal
networks as part of the simulation profile, provided that all
thermal networks are well known [9].

1I. RELEVANCE

Switch mode power supplies (SMPS) that convert variable
DC voltages to controlled DC voltage levels are widely used
due to their high efficiency and versatility for power
conversion. Although modeling these types of circuits is not
an easy task, due to their non-linearity, accurate models have
been developed over the years [10], [11], [12] etc. The main
objective of these models is to characterize the dynamics of
the converter. Therefore, the component parameters used for
the models are assumed to be constant. Although this
assumption is valid for the dynamic response (electrical time
response is on the order of microseconds while temperature
response is on the order of seconds) the model lacks accuracy
for longer run times.

Power semiconductor devices such as MOSFETS, diodes and
transistors are not uniquely temperature dependant; in fact all
electronic components are affected by large temperature
swings. Some materials offer better thermal stability than
others, while other materials cannot withstand high
temperature stresses at all. Although the methods mentioned
above offer a valid approach to simulating electrical behavior
under high temperatures, most of them do not deal with
system behavior. For the methods that do support system
behavior, the system becomes highly complex and assumes a
complete “knowledge” of each piece (i.e. materials, interfaces,
geometry) of the system, even though these pieces may not
actively participate in the electrical response of the system.
As a result, to get a so-called “electro-thermal model” of a
DC-DC converter, the designer faces the task of modeling all
electrical and all mechanical components to a very detailed
level.

This paper proposes an electro-thermal modeling process for
power electronic systems that works over a wide range of
operating temperatures. Our objectives are to facilitate
temperature dependant electrical operation and to obtain
thermal profiles at various physical locations. These results
are of major importance during the design process, at both the
component and system level.

At the system level, thermal management decisions can be
made based on temperature profile results. By knowing the
location and thermal effect of dissipative and large sized
components, a more suitable arrangement of components may
be suggested, different materials may be used or alternate
cooling method can be selected. At the component level,
stress levels vary directly or indirectly with temperature. Case
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temperatures directly affect junction temperatures, which can
be calculated knowing the power dissipated in the component
and the package thermal resistance. Indirectly temperature
also affects maximum stress voltage and current levels, which
define the limits of safe operating areas.

Various component parameters are also affected by
temperature such as the forward voltage of diodes, the ESR in
capacitors, Rygson of MOSFETs, etc. Furthermore, at the
system level, the performance of the converter i.e. efficiency,
settling point, settling time, etc. is affected by the temperature
dependence of each individual parameter.

The method proposed in this paper offers a simplified way to
model the electro-thermal behavior of power electronics
when thermal steady state has been reached. The outcomes
are summarized as follows:

* A simplified method for a steady state system electro-
thermal model of power electronics has been developed.
The approach is based on integrating thermal model
simulation results with an electrical model. The proposed
approach is based on discrete interactions between the
thermal and electrical models, making the finalized
electro-thermal simulation much simpler than simulating
an electro-thermal model.

* Simulation results for a typical application, showing
thermal as well as electric performance are presented.
The differences between a standard electrical model and
electro-thermal modeling are discussed.

* The accuracy and complexity of the newly proposed
electro-thermal models are analyzed and compared to
previously proposed approaches. The modeling approach
is suitable for electro-thermal characterization and
provides both electrical and thermal characterization of
power electronic systems.

1. SYSTEM ELECTRO-THERMAL UNIFIED MODEL

The proposed electro-thermal model can be simplified using
the diagram showed in Fig. 1.

System
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Figure 1. System electro-thermal model



Step 1: System Definition.

As shown in Fig. 1, the first step in the proposed electro-
thermal modeling method is to define the system. Specifically
for SMPS applications, the size of the board, selection of
electrical components, heatsink dimensions and interface
materials must be specified.

Step 2: Thermal Model.

Using the geometric description of the largest and most
thermally dissipative electrical devices, geometric models are
derived. Components such as the board and heat-sinks should
also be included. For simplicity, basic three dimensional
figures are preferred. Each component model should have a
defined thermal conductivity; this property is obtained from
datasheets or from the material properties. Subsequently, the
components are connected (mechanically) into a complete
three dimensional system to create a system thermal model.
The universe for the thermal model should be defined as a
large box (compared to our system) containing all the
components. Finally, all the universe walls are setup at the
given ambient temperature.

Using the resulting system thermal model with individual
power loss as an input for each modeled device, the thermal
model can then be simulated using a computational fluid
dynamics (CFD) software. Forced air may also be included in
the simulation by adding air flow at certain velocity on one or
more walls. The result of the simulation is a thermal profile at
every physical location on the system.

Step 3: Electrical Model.

The purpose of these steps is to develop an electrical model
for the system that depends on a given temperature profile. In
order to do so, a temperature dependant model for the
parameters of the electrical components should be developed.
Although all parameters are affected by temperature, the
intent is to simplify the model. Therefore, the parameters
modeled are the ones which are most affected by wide
temperature variations. By including these temperature
dependant parameter models in the basic electrical model of
the component, we obtain the component electro-thermal
model, which as a result will have an extra input; case
temperature. It is useful to also have as an output of this
model the power that is dissipated in the component, since
power dissipation determines thermal behavior.

The electrical model is completed by connecting all
components for the given circuit. Using a setup that includes
input voltages, output power, etc, a first electrical simulation
can be achieved using all components with their respective
case temperatures at ambient temperature. As a result, a
power loss profile for the main components affecting the
thermal behavior of the system can be obtained. The power
loss for the main components is feed back to the system
thermal model, and after running a new CFD thermal
simulation, an updated case temperature profile can be
obtained, which is used as the temperature input for the next
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electrical simulation. The result yields a better approximation
of the system electro-thermal behavior. These steps should be
repeated until the power loss and thermal profiles show low
levels of variations.

A. Thermal Model

Based on the system definition (component selection), simple
geometric models of components, specifically those affecting
the thermal behavior of the system, are built. Geometric
models should contain the physical description of each
component: package, material and size. It is important to take
into account the components that do not have power losses
such as; the printed circuit board, heat-sinks, and large
components with almost no power dissipation, should also be
included in this model. Although they do not dissipate power,
they affect the thermal behavior of the system.

All these components are then placed together consistent with
an “appropriate structure”. Finally, all the
mechanical/electrical components that may interfere or affect
the heat flow of the system are added to the resultant model,
which we call “System Thermal Model”.

B. Electrical Model

This subsection contains the description of the electrical
modeling process as a temperature dependant system. The
objective of these steps is to model the electrical components
and parameters affected by large temperature swings.

Every electrical component (passive, discrete and magnetic)
exhibits thermally dependant electrical behavior, where some
are affected more than others. Thermal stress affects not only
the electrical behavior of components, but also their
reliability (life time). Reliability is a figure of merit that is
hard to determine precisely, due to the many factors and
levels of dependency. Furthermore, this characteristic is
valuable if it is defined for every component in the system,
since the reliability number of the system is determined by
the weakest component.

Electrical models for individual components can be obtained
directly from manufacturer’s datasheets and/or from
experimental testing. The idea is not to have the most
accurate mathematical model of temperature dependence, but
to obtain an approximate “lookup table” for the most
important parameters of the modeled components that are
thermally dependant over a well defined operating
temperature range.

C. System Electro-Thermal Simulation

In general for SMPS, we can assume that thermal response is
much slower than electrical response. In other words, if there
is a change in the electrical system, i.e. line or load variations,
the electrical model starts responding at the same time. While
the electrical system changes, which induces changes in the
power loss profile, the thermal state also changes but at a
much slower rate. In general, the thermal system reaches



steady state long after electrical steady state is reached. Based
on this assumption, we can visualize two systems interacting
in a discrete way. Electrical variations cause changes in
power loss, which, at the same, time cause thermal system
change. Since the electrical system is affected by temperature
variations, it should be adjusted accordingly with the
modified thermal profile.

Furthermore, thermal simulation based on initial power loss
values, usually gives a good first step temperature profile
(approximation) for the thermal behavior of the system. But
in order to obtain more accurate system characteristics like
output voltage, efficiency, etc., the electrical response should
be adjusted accordingly. If the power loss profile noticeably
changes due to the thermal wvariation, then the first
approximation is not accurate and another adjustment
(iteration) is required.

IV. APPLICATION EXAMPLE

A typical power supply for an automotive application is taken
as a case of study for this paper. The specifications for the
power converter are derived from a hybrid electric vehicle
requirement, and are as follows:

* Input voltage 600Vdc (500V-680V)

* Output voltage 28Vdc

* Output power 100W

* Operating temperature 85°C

* Maximum board area of about 60mm x 60mm
* Isolation Input/Output 3000V

* Isolation input-output/baseplate 1500V

Due to the isolation requirement, a transformer is required to
deliver power to the load. It is well known that most
commercially available surface mount switches (MOSFET)
are rated at a voltage below 1000V with current values
measuring up to 200A. For the required levels of DC input
voltage, the selection of the primary switches will depend
mostly on the off-voltage stress experienced by these
transistors. For this reason, the half bridge topology and its
derivatives offer the best option for this specific application.

V. SIMULATION RESULTS

A. Electrical model

Assuming that all components in the system start at the
nominal ambient temperature, and that thermal response time
is much larger than electrical response time, it is reasonable
to initialize all temperature dependant electrical models at the
nominal ambient temperature. For the given application, the
steady state power loss for each main power loss component
is calculated at specific line and load conditions. The result is
the first power loss profile (i.e. first iteration) based on the
nominal ambient temperature.
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Figure 2 and Figure 3 show the dependence of power loss,
per component, at different ambient temperature and load
conditions.

The results obtained from the electrical model at the given
conditions can then be feed back to the thermal model.
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Figure 3.

B. Thermal model:

Given the temperature and size requirements for this
application, it is necessary to separate the high power
components (requiring high power dissipation) from the
control circuitry (requires low power dissipation). Since the
high power components will need to dissipate more heat, it is
important to use special material and cooling mechanisms (i.e.
heatsink) to maintain the temperatures within tolerance levels.

Figure 4 shows the thermal model for the half-bridge
converter using Coolit, a thermal simulation software
package. Notice from the figure that each component has
been drawn in its simplest form and as previously mentioned,
the control circuitry (control board) is separated from the
power circuitry (power board).

Figure 5 shows the main components on the power board,
each one with its respective geometric and material
specification.
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Figure 5. Thermal model, power board

As an example, Figure 6 shows the thermal model for the
main transformer core. Notice that the material specifications

such as thermal conductivity, density, etc. are also considered.
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Figure 6. Component Thermal Model

C. Thermal simulation:

This step is performed using Coolit, a CFD software
simulation tool, used to predict the temperature profile of the
converter. Figure 7 and Figure 8 show the thermal simulation
of the model drawn in Figure 4 (first iteration). This
simulation was used with the power loss profile obtained
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from MATLAB, a computing software tool, at full load and
85°C ambient temperature.
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Figure 7. Thermal simulation, 1* iteration
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Figure 8. Thermal simulation. Cross sectional area on Power board
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After exporting the result files from Coolit to MATLAB, a
new temperature profile was obtained and a second power
calculation was performed using the MATLAB model
“second iteration”. This power profile is feed back to the
thermal model to obtain second iteration thermal results. For
this particular application example three iterations were
required to obtain less than 1% variation on the thermal
profiles.

It can be observed from the simulation results that the
transformer is experiencing the highest temperature rise. This
is because all the power loss on the transformer is dissipated
using just its convective area. Since the transformer is not
placed directly on the power board, the power board-heatsink
arrangement cannot “help” with its heat dissipation. At the
same time the control board does not have any components in
close vicinity of the transformer, which keeps them relatively
thermally isolated. As a result, the control board does not
undergo a significant temperature change, which makes the
controller circuitry more thermally uniform

Note the following observation; although there is no forced
air in the system, air is moving within the “universe” due to
the temperature difference between the components. Figure 8
shows this movement, where even the direction of the fins in
the heatsink affects the thermal response of the system.



Figure 9 and Figure 10 show the thermal simulation results there are thermally sensitive components close by, they

for a power loss profile at full load and 85°C ambient could be affected by the load placed in the DC-DC

temperature after three iterations. converter, or if there is another subsystem forcing air into
the DC-DC converter, the system will be thermally coupled.

* Using the thermal results, a reliability analysis could be
developed based on the thermal stress of each component.

* Thermal management of the DC-DC converter is more
effectively accomplished with the thermal profile and heat
dissipation outputs of the CFD simulation.
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