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Developing Thermal Design
Guidelines for Power MOSFETs
in a Chassis

Detailed simulations of the thermal behavior of MOSFETs
in a closed chassis allow the development of guidelines
for improving system design for MOSFET placement in
conjunction with the use of fans, grills, and heatsinks.

Introduction

MOSFETSs are ubiquitous in electronics, and their performance significantly impacts the
thermal characteristics of a design. Physically evaluating that impact can be challenging,
but it can be closely modeled using software tools from companies like Ansys to
simulate thermal flow, as shown in Figure 1.
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Figure 1. Simulations allow visualization of the relationship between MOSFET placement
and thermal performance.

Chapter 1: Thermal Simulation conditions

It is difficult to develop evaluation boards that represent all possible thermal conditions
due to time and cost constraints. Well-designed simulations, however, provide deep
insight into the airflow and additional cooling accommodations. Such models are highly
adaptable, allowing research into many different conditions, and do not involve the costs
associated with evaluation boards.

This article will discuss the simulation modeling of the thermal behavior of MOSFETs in a
closed chassis. We will investigate the impact of:

Chassis type

PCB size

MOSFET placement and spacing
Grill size

Forced versus. convection cooling
MOSFET and chassis heatsinks

The results of the simulations are presented, followed by design recommendations based
on those findings.
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Overview of the Two Different System Models

In this article, we will examine two different design models consisting of different chassis
dimensions, PCB dimensions and construction, and with and without additional
components.

Two Chassis Models

Two types of chassis models are used for the simulation:

e Model 1 chassis is 120 x 200 x 40 mm, with all six sides of the chassis configured
as heat insulators. This model is illustrated in Figure 2.

e Model 2 chassis is 140 x 200 x 40 mm, with Tmm thick aluminum plates on all six
sides to facilitate chassis temperature analysis while also serving as a heat sink.

Grill positions
(3)

Outer diameter: 30 mm
Inside diameter: 10 mm

Grill
40 x 40 mm

Figure 2. Detailed dimensions and device positions for Model 1.

Two PCB Models

The PCB for Model 1 is 100 x 180 x 1.6 mm with four layers. The top, bottom, and inner
layer trace thicknesses are all 35 pm.
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The PCB for Model 2 is 125 x 175 x 1.6 mm with four layers. The top, bottom, and inner
layer trace thicknesses for this model are 70, 70, and 35 pum, respectively.

Note that all PCB boards are made from FR4, and the copper percentage for the traces is
set at 80 %. The boards do not have a solder resist layer on top, and the simulation
settings include only emissivity to compensate for the effect of that layer. In addition, the
boards do not have through-holes and thermal vias.

Components

The model for the MOSFETSs is based on the TO-247 package with a chip size of 4 x 4 x
0.25 mm, a lead thickness of 0.6 mm, and a mold of 16 x 20 x 4.4 mm. To better optimize
analysis time, MOSFETs are modeled using three parts—mold, chip, and lead—with the
bonding wires and solder omitted. The result is a close approximation to a rectangular
solid.

Model 2 also includes IC devices, inductors (i.e., coils and transformers), and electrolytic
capacitors. The inductors and IC devices are modeled as resistance to airflow rather than
heat-generating devices. A typical layout of this model is shown in Figure 3.

MOSFETs

Grill

Other components

Coils and inductors

Figure 3. Example component placement for Model 2.
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Fan and Grill

A 40 x 40 mm fan is used in the simulation, incorporating various P-Q (pressure-volume)
curves for representation.

The grill, attached to the chassis wall, can be configured as either an inlet or outlet by
using the fan as a suction or blower fan. Note that the grill has an opening ratio of 1.0.

Chapter 2: Evaluating Placement of a MOSFET

2-1: Evaluating Placement of a Single MOSFET

This simulation is the simplest case and uses Model 1 with a single MOSFET (2 W power
dissipation) as the heat source. A solid understanding of the thermal behavior of a single
MOSFET placed in various positions within the chassis, in conjunction with different fan
and grill placements, serves as a starting point for the remaining simulations.

Figure 4 displays the various combinations of MOSFET, grill, and fan positions.

Fan Device Position Grill
Position e Position

Grill C

B3|C3|D3|E3| Grill B
B2 | C2|D2| E2
B1|Ci1|D1|El

Fan C

Grill A

Figure 4. MOSFET, fan, and grill configurations used with Model 1.

Airflow results obtained using Ansys software are shown in Figure 5 for device
placements in A1, A2, A3, A4, and A5. Here, the fan is placed at position A and the grill at
position C.
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Chassis wall

Figure 5. Airflow results for MOSFET, fan, and grill configurations used with Model 1.

The MOSFET thermal resistance for this, and all remaining simulations, is calculated
according to the following equation:

Thermal resistance = (average simulated chip temperature — ambient temperature) /
power dissipation

According to the results for all possible combinations of device, grill, and fan placement,
it becomes evident that positioning a MOSFET along the path directly leading from the
fan to the grill is the most effective approach.

2-2: Evaluating Placement of 25 MOSFETs

Next, a total of 25 MOSFETs are placed in the model and simultaneously powered on,
with the fan at the lower-left (fan position A) and grill at the upper-right corner (grill
position C) of Model 1, respectively.

Similar to the single MOSFET simulation, the average MOSFET chip temperature is
measured to calculate the MOSFET thermal resistance. A key variable in this simulation is
the spacing between the MOSFETSs.
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As expected, the results shown in Figures 6 (closely spaced) and 7 (widely spaced)
indicate that spacing is important for achieving the best thermal control. With wider
spacing, the air moved more smoothly between the MOSFETSs, causing MOSFET thermal
resistance to decrease, regardless of whether a suction fan (left side of each image) or a
blower fan (right side of each image) was used.

ANSYS ANSYS

Figure 6. Temperature and airflow distribution for 25 closely spaced MOSFETs with the fan
in suction mode (left) and blower mode (right).

Figure 7. Temperature and airflow distribution for 25 widely spaced MOSFETs with the fan
in suction mode (left) and blower mode (right).

In both cases of closely and widely spaced MOSFETSs, the suction fan does not perform as
well as the blower fan.
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Chapter 3: Thermal simulation for actual use

3-1: Thermal Simulation Using a More Realistic Model

Now we will simulate under more realistic conditions, as shown in Figure 8. Note the
inclusion of additional ICs, coils, inductors, and other components. Also, recognize the
fan and grill placements.

> IC devices
Capacitors
MOSFETs wacichs
Fan A
MOSFETs
Other | NS Comeme=
components Coils and inductors

Figure 8. Placement of components, fan, grill, and MOSFETs in more realistic models.

In this set of simulations, the fan and grill positions were again varied, and the thermal
resistance of the MOSFETs was calculated. The results are provided in Table 1.
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Table 1. Thermal resistance as a function of chassis layout and blower operation.

Thermal resistances of the MOSFETs in Model 2 with a blower fan (°C/W) |

Fan

Position A B c

Grill

Position | A ” B | C | A B C A B C

17.7 | 17.0 | 16.6
15.7 | 156 | 16.0 | 18.1 | 179 | 18.2

15.5 | 14.8 l@l 14.7 [ 14.3 | 14.4
16.9 | 16.5 | 13.7 | 146 | 14.3 | 14.0
Thermal resistances of the MOSFETs in Model 2 with an suction fan (°C/W)

e A B C

Position

Grill
Position A B c A B c A

ChipAl | 134 | 13.2 | 139
Chip A2 | 13.8 13.8
chipes | 181 | 155 [11238
Chip E5 | 18.3

Fan position A with grill position C provided the best overall thermal performance for
both modes of fan operation.

3-2: Effect of Grill Size on Thermal Performance

Using Model 2, the grill size effect was studied using a suction fan. The analysis provided
data relating the grill size to the thermal resistance of six MOSFETs placed inside the
chassis model shown at left in Figure 9. The results shown at the right of Figure 10
indicate that a larger grill more effectively cools the entire space within the chassis.
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Suction fan

Figure 9. Thermal performance comparison of a small and large grill.

3-3: Natural Convection vs. Forced Convection

Forced convection pulls cool outside air into the chassis, while natural convection
achieves cooling as the hot air from the heat sources rises, and cool air is pulled in to
replace it. Note that natural convection requires an opening on the top instead of a grill.
Natural convection is cheaper to implement because it does not require a fan; however,
it is generally less effective in comparison.

The simulation setup and component placements are illustrated in Figure 10, where the
left-hand image represents natural convection, and the right-hand image is forced
convection.

Figure 10. Simulation models for natural (left) and forced (right) convection.
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Figure 11 provides the results of these simulations. It is evident that forced convection
provides better thermal performance with lower temperatures at all power levels. This
serves as a reminder that fans, despite their associated cost, are a wise choice in thermal
design.

Maximum Permissible Power Dissipation for Natural and
Forced Convection
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Figure 11. MOSFET temperature vs. power for natural and forced convection
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Chapter 4: Effects of various heat dissipation measures

4-1: Impact of Chassis Width and MOSFET Distance From the Fan

The next simulation focuses on studying the results of forced convection in relation to
the width of the chassis. Figure 12 shows the two layouts implemented: one with a wide
chassis and the other with a narrow chassis equal to the width of the fan.

Blower fan

Grill

Figure 12. Models for studying the relationship between chassis width and MOSFET
distance from the fan.

Both blow and suction fans are simulated, with their results summarized in Figure 13. For
the small chassis, distance from the fan does not have as much impact as in the larger

chassis, where airflow will not be as constrained.

Distances from the fan vs. MOSFET
Thermal Resistances
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Figure 13. Distance from the fan related to thermal resistance.
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4-2: Thermal Performance as a Function of Air Flow Volume

Fan performance has an effect on thermal design. Figure 14 illustrates a simulation
layout for evaluating the impact of fan performance—using high, middle, and low Q
(volumetric airflow) fans—on the thermal resistance of four MOSFETSs.

Figure 14. Model for evaluating fan volumetric airflow (Q)

Figure 15 summarizes the results of the simulation, and as expected, high-airflow fans
achieve lower thermal resistance for all four chips. In the case of blower fans, the
MOSFET closest to the fan experiences the lowest thermal resistance. For suction fans,
the opposite holds true, with the MOSFET closest to the grill having the least thermal
resistance. This intuitively makes sense since these MOSFETs are closest to the incoming
cooler air.

MOSFET Thermal Resistance vs. Airflow

18.0 s i
..................................................... B Chip 2
16.0 ® Chip 3

14.0
12.0
10.0

8.0

6.0

LowQ MidQ HighQ|LowQ MidQ HighQ
| Blower Fan | Suction Fan

MOSFET thermal resistance (°C/W)

Fan Types

Figure 15. Comparison of thermal resistance versus airflow for the three fan types.
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4-3: Effect of MOSFET Heatsinks

Another common approach to thermal design for MOSFETSs involves using MOSFET
heatsinks, which speed up heat dissipation by providing a larger surface area. Two
different heatsink orientations are used: horizontal (with fins in the same plane as the
PCB) and vertical. The six models evaluated are shown in Figure 16 with three different
device and heat sink orientations crossed with the use of either natural or forced cooling
methods.

Figure 16. Heatsink and device orientations for natural and forced air cooling simulations.

The results are provided below in Table 2. For both natural and forced air cooling, the
heatsink reduces the thermal resistance.

Table 2. MOSFET heatsink simulation results.

MOSFET Thermal
Resistance (°C/W

ooling ” 5 ;
Method Device Orientation
xm Orientation  0° 90° 180°
Natural  w/o = 23.2 23.2 232
Natural with  Horizontal  19.6 19.6 19.6
Natural  with Vertical 18.9 19 18.9
Forced  w/o ~ 11.5 11.4 11.3
Forced with  Horizontal 7.4 6.4 6.5
Forced  with Vertical 7.1 7.2 6.1
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4-4: Chassis Heatsinks for Improved Cooling

Chassis heatsinks are another common approach in thermal design for power electronics.
Since it can be difficult to attach heatsinks to individual MOSFETs when space is
constrained, our final analysis examines the impact of using the chassis itself as a
heatsink.

In this scenario, a Thermal Interface Material (TIM) is placed between the aluminum
chassis and MOSFET to provide electrical insulation. The configuration and three
approaches are shown in Figure 17: no heatsink, heatsinks attached to all four edge-
placed MOSFETs, and chassis heatsinks for all four edge-placed MOSFETs.

MOSFET Heatsinks Chassis
MOSFET Chip 3 heatsinks
Chip 1 7~|MOSFET 5
‘ Chip 5
MOSFET
Chip 2
MOSFET Chassis
Chip 4 heatsinks
(a) No heatsink (b) Attach heatsink to MOSFETs (c) Use a chassis as a heatsink

Figure 17. Models for evaluating different heatsink solutions.

Figure 18 summarizes the results. Using a chassis as a heatsink is highly effective, but
consideration will need to be given to the chassis material for obtaining comparable

results.

Effects of Chassis Heatsinks
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Figure 18. The thermal resistance for different heatsink implementations.

© 2024 Toshiba Electronic Devices & Storage Corporation



TOSHIBA

Chapter 5: Summary and guidelines

Collecting all of the results described above, we can arrive at some general guidelines for

system designs that employ MOSFETSs:

1.

Forced convection is superior to natural convection because it generates a higher
air velocity that leads to a greater cooling effect.

High airflow fans, whether they are suction or blower fans, have a significant
impact on average MOSFET thermal resistance.

Blower fans are more effective in directly cooling hot devices, while suction fans
work better in scenarios that require an entire board to be cooled.

MOSFETs are more effectively cooled the closer they are to the fan.

MOSFETs should be placed along the path between the fan and the grill and,
wherever feasible, positioned close to the fan.

Large components should not be placed directly in front of a fan because they
compromise airflow throughout the chassis.

A larger grill achieves better cooling results for the interior space as a whole.
When MOSFET heatsinks are used, they work best when directly exposed to air,
and in terms of configuration, the greatest area must be exposed to the airflow
between the fan and grill.

Chassis heatsinks are most effective when MOSFETs are placed along the sides of
the chassis, assuming the chassis material has good thermal characteristics.

Related Content

If you are interested in thermal design, you may also like

Thermal Management for Designs Using Discrete Semiconductor Devices
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Restrictions On Product Use

Toshiba Corporation and its subsidiaries and affiliates are collectively referred to as “TOSHIBA”.

Hardware, software and systems described in this document are collectively referred to as “Product”.

TOSHIBA reserves the right to make changes to the information in this document and related Product without
notice.

This document and any information herein may not be reproduced without prior written permission from
TOSHIBA. Even with TOSHIBA’s written permission, reproduction is permissible only if reproduction is without
alteration/omission.

Though TOSHIBA works continually to improve Product's quality and reliability, Product can malfunction or fail.
Customers are responsible for complying with safety standards and for providing adequate designs and
safeguards for their hardware, software and systems which minimize risk and avoid situations in which a
malfunction or failure of Product could cause loss of human life, bodily injury or damage to property, including
data loss or corruption. Before customers use the Product, create designs including the Product, or incorporate
the Product into their own applications, customers must also refer to and comply with (a) the latest versions of all
relevant TOSHIBA information, including without limitation, this document, the specifications, the data sheets and
application notes for Product and the precautions and conditions set forth in the "TOSHIBA Semiconductor
Reliability Handbook" and (b) the instructions for the application with which the Product will be used with or for.
Customers are solely responsible for all aspects of their own product design or applications, including but not
limited to (a) determining the appropriateness of the use of this Product in such design or applications; (b)
evaluating and determining the applicability of any information contained in this document, or in charts,
diagrams, programs, algorithms, sample application circuits, or any other referenced documents; and (c)
validating all operating parameters for such designs and applications. TOSHIBA ASSUMES NO LIABILITY FOR
CUSTOMERS' PRODUCT DESIGN OR APPLICATIONS.

PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT REQUIRE
EXTRAORDINARILY HIGH LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION OR FAILURE OF
WHICH MAY CAUSE LOSS OF HUMAN LIFE, BODILY INJURY, SERIOUS PROPERTY DAMAGE AND/OR SERIOUS
PUBLIC IMPACT

("UNINTENDED USE"). Except for specific applications as expressly stated in this document, Unintended Use
includes, without

limitation, equipment used in nuclear facilities, equipment used in the aerospace industry, lifesaving and/or life
supporting medical equipment, equipment used for automobiles, trains, ships and other transportation, traffic
signalling equipment, equipment used to control combustions or explosions, safety devices, elevators and
escalators, and devices related to power plant. IF YOU USE PRODUCT FOR UNINTENDED USE, TOSHIBA
ASSUMES NO LIABILITY FOR PRODUCT. For details, please contact your TOSHIBA sales representative or contact
as via our website.

Do not disassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in
part.

Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is
prohibited under any applicable laws or regulations.

The information contained herein is presented only as guidance for Product use. No responsibility is assumed by
TOSHIBA for any infringement of patents or any other intellectual property rights of third parties that may result
from the use of Product. No license to any intellectual property right is granted by this document, whether
express or implied, by estoppel or otherwise.

ABSENT A WRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND CONDITIONS OF
SALE FOR PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) ASSUMES NO LIABILITY
WHATSOEVER, INCLUDING WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL
DAMAGES OR LOSS, INCLUDING WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS
INTERRUPTION AND LOSS OF DATA, AND (2) DISCLAIMS ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND
CONDITIONS RELATED TO SALE, USE OF PRODUCT, OR INFORMATION, INCLUDING WARRANTIES OR
CONDITIONS OF MERCHANTARBILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY OF INFORMATION, OR
NONINFRINGEMENT.
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Do not use or otherwise make available Product or related software or technology for any military purposes,
including without limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical,
or biological weapons or missile technology products (mass destruction weapons). Product and related software
and technology may be controlled under the applicable export laws and regulations including, without limitation,
the Japanese Foreign Exchange and Foreign Trade Law and the U.S. Export Administration Regulations. Export and
re-export of Product or related software or technology are strictly prohibited except in compliance with all
applicable export laws and regulations.

Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS
compatibility of Product. Please use Product in compliance with all applicable laws and regulations that regulate
the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive. TOSHIBA
ASSUMES NO LIABILITY FOR DAMAGES OR LOSSES OCCURRING AS A RESULT OF NONCOMPLIANCE WITH
APPLICABLE LAWS AND REGULATIONS.
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