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Abstract

As a vital part of renewable energy and electrical traction, power converters are supposed to have high reliability and good
performance. However, power semiconductors produce considerable heat when the power converter works, which results in high
junction temperatures that lower the reliability and performance of the power semiconductors. Many studies show that ambient
humidity has a significant effect on power devices, but the influence of high humidity on junction temperatures has yet to be studied.
Therefore, this paper presents a thermal model for power converters in moist air to obtain the junction temperature increase, which is
utilized for the power converter used in a Switched Reluctance Motor System. Simulation results show that the law of converter
temperature distribution is independent of the relative humidity in the case of fixed ambient temperature, whereas the temperature in
the power converter decreases as the ambient relative humidity increases. These simulation results are validated with the

experimental results.
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I.  INTRODUCTION

Power converters are widely used in various fields, such as
renewable energy generation, electric motor traction, and
power transformers. However, power semiconductor devices in
power converters have high failure rates. The reasons
semiconductor devices fail include temperature (55%),
vibration (20%), humidity (19%), and dust (6%) [1]-[3].
Unfortunately, in some circumstances, power converters are
used in high-humidity environments, such as coal mines. For
example, the relative humidity in some coal mines is higher
than 94%, with the temperature as much as 35 °C.

The device characteristics of a power converter in such
conditions are different from those in normal environments. On
the one hand, a highly humid environment makes the
semiconductor devices frequently invalid because of corrosion,
electromigration, and moisture absorption [4]-[7]. On the other
hand, a high-temperature environment can cause the device to
have a high junction temperature. Once the device junction
temperature exceeds the maximum junction temperature, the
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device becomes invalid. The device junction temperature has a
significant influence on its characteristics and lifetime [8]-[12].
Variations in ambient humidity can also change the device
junction temperature, which influences device performance and
reliability.

Nowadays, almost every device manual provides
temperature and humidity ranges for safe operation. However,
studies on the heat transfer performance of power converters in
highly humid environments are limited. Therefore, the present
study focuses on the influence of highly humid environments
on the temperature increases of power semiconductor devices.
First, the physical descriptions of a power converter in a humid
environment are presented based on a power converter used in
the Switched Reluctance Motor (SRM) system [13]-[19].
Second, mathematical equations are presented to describe the
power converter in a humid environment. A simplified thermal
model is then proposed and implemented in Finite Element
Method (FEM) software based on the said equations. The
simulation results of the device junction temperatures under
different ambient relative humidity levels are derived. Finally,
the experiment platform is established to prove the correctness
of the thermal model and simulation results.

Il. DESCRIPTION OF A POWER CONVERTER IN A
HUMID ENVIRONMENT

© 2015 KIPE
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Fig. 2. Structure of the SRM power converter.

TABLE |
DIMENSIONS OF THE HEAT SINK (UNIT: mm)
Length Width Height Fin height Fin spacing
250 132 20 15 2.6

A. SRM Power Converter

A power converter used in the SRM system is taken as an
example to study the heat transfer performance of the power
converter in a humid environment. The topology of the main
circuit is shown in Fig. 1, which adopts the three-phase
asymmetric half-bridge circuit.

The corresponding structure of the power converter is
illustrated in Fig. 2. Two power MOSFETs (FAIRCHILD
FQA160NO08) are connected in parallel as a half bridge, such as
VT, and VT’4, and located on each side of a diode, as shown in
Fig. 2, to lower costs. A fast recovery diode (IXYS DSEI
2x121) is applied as the freewheeling diode.

The power semiconductor devices are mounted on a heat
sink made of aluminum alloy. Its dimensions are listed in Table
I. The heat sink is in a natural air-cooling condition.

The power converter is used to drive a 12/8 SRM. The
alternative Pulse Width Modulation (PWM) is applied for the
control signal, where the PWM signals are used alternately on
the upper and lower transistors. Therefore, all devices have the
same power loss, which becomes the input to the thermal
model as heating power [20].

B. Physical Description of Humid Environment

In this study, the SRM system is installed in a large but
humid space, so the dissipation of the heat generated from the
power converter relies on the motion of the moist air.

Moist air is a mixture of dry air and water vapor. Absolute
Humidity (AH) and Relative Humidity (RH) are applied to
measure moist air. AH is the mass of water vapor divided by
the volume of moist air with the unit of mg/L, whereas RH is
the ratio of partial pressure of water vapor to the equilibrium
vapor pressure of water at the same temperature expressed as a
percentage (%). RH reflects the distance to the saturated moist
air. Thus, RH is more useful for equipment safety and human
health than AH.

When the power converter operates in a natural air-cooling
condition, the energy loss from the power devices heats the
surrounding air, which results in the variation in air density.
The air near the power converter has a high temperature, which
means that the air molecules have large kinetic energy. Thus,
these parts of the air have small densities, whereas the air far
from the power converter has a large density according to the
theory of thermodynamics. Therefore, buoyancy force is
produced and drives the air to move, a process called heat
convection.

Mass diffusion is another phenomenon that occurs in the air.
This phenomenon occurs because of the concentration gradient
of air molecules, including water vapor molecules. Air
molecules in the large-density region move to the small-density
region.

Therefore, heat convection and mass diffusion compose the
entire heat transfer process. Given that the space is much larger
than the power converter itself, the environmental temperature,
pressure, and AH are constant.

I1l. HEAT TRANSFER MODEL IN MOIST AIR

Heat transfer between solids and fluids belongs to the
convective heat transfer problem, which can generally be
solved by the heat transfer differential equation set. This set
includes mass conservation, momentum conservation, and
energy conservation equations. However, the component
conservation equation should be added to describe the moist air
in this case, which has two components.

A. Mass Conservation Equation

The law of conservation of mass states that if the fluid is
continuous, then the mass change rate with time will be equal
to the mass flow difference of the inflow and outflow to
determine the mass volume without sources. This factor can be
expressed as follows:

op O(pu) O(pv) O(pw

2, 2o, (ay>+ (o)
where p is the density, t is the time, and u, v, and w represent
the components of the velocity vector U in the X, y, and z
directions, respectively.

~0 Q)

B. Momentum Conservation Equation

The momentum differential equations of fluid motion, which
is Newton’s second law, can be described as follows. The
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momentum change rate with time in the fluid is equal to the
sum of external forces on the fluid in a determining volume.
Thus, this rate can be expressed as follows:

76(§u)+div(puu)=ag—xxx+%+a;; +p9,
6(§v)+div(pvu)=%+%+a;y+pgy (2
a(pw)+div(pwu):%+%+%+pgz

where 7 is the components of viscous forces on the element
surfaces because of molecular viscosity. The last term on the
right is the gravity forces on the element.

C. Energy Conservation Equation

The temperature field in the convection heat transfer
problem can mostly be described by the energy conservation
equation. In particular, the total energy change rate with time in
the fluid in a determining volume is equal to the sum of the net
heat into the volume per unit time because of the heat
convection and heat conduction. The work by forces on the
interface of the volume per unit time can be expressed as
follows:

6(§tT)+div(pUT)—div[:gl’adT}rST ®

P
where ¢, is the specific heat capacity, T is the temperature, k is
the heat conduction coefficient of the fluid, and S; is the
internal heat source. The second term on the left is the energy
transformed from the viscous forces.

D. Component Mass Conservation Equation

The component mass conservation equation shows that each
component in the system should satisfy the mass conservation
equation. If the components in the system undergo a chemical
reaction, then this equation will become complicated. However,
no chemical reaction is involved in this study, so the
component mass conservation equation can be expressed as
follows:

%w.(puvi):o @)
where Y; is the mass fraction of the I component, and the
second term on the left is the mass variation caused by the
mass diffusion.

E. Simplification of the Thermal Model

The above four equations with the corresponding boundary
conditions can correctly describe the heat transfer problem in
moist air condition and can obtain the motion details of each
component in moist air. However, obtaining results even via
FEM software is a complicated process. Therefore, a method is
proposed to simplify the problem, that is, the moist air is
regarded as an integral without considering the motion of the
two components inside. Only the moist air properties are
required.

Several assumptions are provided as follows to calculate the
properties of moist air:

- Moist air is an ideal gas, including dry air and water
vapor.

- No phase change occurs in the water vapor, that is,
the water molecule only exists in gas state.

- The moist air pressure is standard atmosphere
pressure at approximately 101 kPa.

- The moist air temperature is below 100 °C.

Moist air properties include density, viscosity, specific heat,
thermal conductivity, and Prandtl Number.
Moist air density is given by the following:
P, RH-P,
RT (1—0.378T) (5)
where P, is the pressure of the moist air, Ry is equal to 287.06
Jkg-k, Ps is the saturation pressure of the water vapor at
temperature T, and RH is the relative humidity.
Specific heat of the moist air is provided by the following:
C c,

Cn = 1+<;(t) (1+d(t)a) (6)
where ¢4 is the specific heat of dry air, c, is the specific heat of
water vapor, and d(t) is the moist content, which is the water
vapor mass in 1 kg of dry air divided by 1 kg.

The thermal conductivity of the moist air is provided by the
following:

Pn =

ded Yvkv
"TYAVA, Y, YA ™
where Y4 is the mole fraction of dry air, Y, is the mole
fraction of water vapor, kq is the thermal conductivity of dry
air, k, is the thermal conductivity of water vapor, and Ay and
A, are the combination parameters.
Moist air viscosity is provided by the following:

1+1.268 4 d (t)

_ s ()]
Hn = Ha ™ 1 2684 (1)

where g, is the viscosity of water vapor, gy is the viscosity of
dry air, and d(t) is the moist content.

The Prandtl Number of the moist air is provided by the
following:

(A ©)

Consequently, the moist air properties can be derived based
on Egs. (5) to (9). Eq. (4) is not required, and Egs. (1) to (3) are
sufficient to describe the problem. Given the complicated
object geometry and strong nonlinearity of the equations, the
thermal model is implemented in the CFX software to obtain
the temperature distributions of the power converter.

IV. NUMERICAL SOLUTIONS

ANSYS/CFX is the Computational Fluid Dynamics (CFD)
software that can resolve fluid mechanics, heat transfer,
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combustion, and fluid-structure coupling problems using FEM
to solve mass conservation, momentum conservation, energy
conservation equations.

A. Physical Structure

The simulation model is built in the CFX software to
describe the power converter in a humid environment, where
the power converter is placed in a cube measuring 0.5 m x 0.5
m x 0.5 m filled with moist air. Unlike the power converter, the
cube size is sufficiently large. The entire model is divided into
two parts, the fluid (moist air) and solid parts (power
converter).

B. Meshing

The tetrahedron mesh element is applied to mesh the solid
and fluid domains using the professional meshing software
ICEM CFD. Given a large dimension range among the
semiconductor devices, heat sink, and moist air, a mixture
meshing method with different grid sizes is used. For example,
a denser grid is applied for the moist air around the power
converter. The denser grid is also used where a large gradient
in terms of temperature, heat flow density, and fluid velocity
exists. The grid density gradually decreases with a center ratio
from the inside to the outside.

C. Physical Properties and Boundary Conditions

Several suitable assumptions are provided as follows to
simplify the problem.

- All materials are thermally homogeneous and

isotropic.

- The material thermal properties are independent of
temperature.

- No thermal contact resistance exists between any
material.

- Thermal radiation is ignored.

The thermal conductivities of the heat sink, power
MOSFET, and power diode are 237 W/(m-k), 52 W/(m-k),
and 42 W/(m-k), respectively.

The moist air properties with different temperature and
different relative humidity levels can be calculated from Eqgs.
(5)to (9).

The heating power of the power MOSFET is 1.75 W, and
the heating power of the power diode is 0.15 W.

The six faces in the cube are set as no-slip walls with the
fixed temperature equal to the initial ambient temperature.

D. Simulation Results

The air temperature was first fixed at 10 °C, 20 °C, and
30 °C to study the heat transfer performance of the power
converter with the moist air. The RH changed from 50% to
90% with 10% intervals at each temperature to study its
influence on the temperature increase of the power converter.
A high RH environment has a negative impact on the power
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Fig. 3. Temperature increase distribution of the power converter in
different RH levels in 30 °C ambient temperature.

converter and air characteristics with 100% change from
normal and the existence of liquid water; hence, the RH range
for this research is set from 50% to 90%. The temperature
increase is equal to the temperature minus the ambient
temperature. Given that the ambient temperature is changed in
each case, the device junction temperature cannot reflect the
heat performance. However, the device junction temperature
increase is independent from the ambient temperature.
Therefore, the temperature increase is applied to scale the heat
transfer performance.

Fig. 3 presents the simulation results of the temperature
distributions of the power converter in 50%, 70%, and 90% of
the ambient RH in the case of the 30 °C ambient temperature.
The proposed thermal model shows that the device junction
temperatures are only on the device surfaces. When the
ambient RH is 50%, the highest junction temperature increase
is 23.7 °C in the middle MOSFET. The highest junction
temperature decreases when the ambient RH increases (e.g.,
22,6 °C in 70% and 21.8 °C in 90%). The reason for this
condition is that the moist air flow intensifies as the RH
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Fig. 4. Velocity distribution of the moist air in the cube in different
RH levels in 30 °C ambient temperature.

increases in Fig. 4. For example, the highest flowing velocity
of moist air is approximately 0.11 m/s in 50%, whereas it
becomes approximately 0.12 m/s in 90% where the heat
transfer performance is strengthened.

However, the temperature increase distribution is unchanged
in Fig. 3 with the RH variation. The temperature distribution is
symmetric, the middle MOSFETs have higher temperature,
and the marginal MOSFETs have lower temperature. The
diode with the lowest temperature is in the middle. The
junction temperature increases of the five devices in different
ambient RH levels in 30 °C are shown in Fig. 5. The device
number is shown in Fig. 3. Simulation results show that the RH
does not change the device temperature increase distribution of
the power converter.

Therefore, only the highest temperature increase should be
analyzed. Fig. 6 presents the relationships between the highest
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Fig. 5. Device temperature increases in different RH levels in
30 °C ambient temperature.

25.0
- 10T
- —— 20T

2454 . a 30T

Temperature Rise ('T)
[ ]
T
m o w o
I n L N

>

22,0

215 T T T T T
50 60 70 80 90

Relative Humidity (%)

Fig. 6. Relationship of RH and temperature increase from the
simulation results.

temperature increases and RH under different ambient
temperatures. This figure shows that the highest temperature
decreases with the ambient RH that increases under the same
ambient temperature. The highest temperature increase of the
power converter also decreases with the ambient temperature
that increases under the same ambient RH.

V. EXPERIMENT AND VALIDATION
A. Experiment Platform

An experimental platform, which includes a designed
temperature and humidity control box, SRM controller, and
SRM motor, was designed (Fig. 7) to validate the simulation
results. The box size is 1 m x 1 m x 1 m with suitable
insulation performance. The box can be considered as a large
space environment because it is larger than the power converter.
Thus, the heating of the power converter has little influence on
the air characteristics inside the box. Moreover, an internal
heater and humidifier are regulated by a PID controller, so the
box can maintain a specific temperature and RH level to
simulate a humid environment.

A temperature measuring instrument was applied to measure
the power converter temperature. It can provide 12 temperature
test channels, and the corresponding 12 thermocouples are
attached to the surfaces of the power MOSFETSs as shown in
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Fig. 8. Positions of the temperature test points.

Fig. 8. Sampling time is 1 s. When the SRM runs steady or has
a fixed speed, then the device temperature is measured. The
temperature curves remain constant, and the device steady-state
temperatures are obtained.

B. Experiment Results

Three cases were designed to validate the simulation results.
To study the influence of the RH on heat transfer performance
of the power converter, the air temperature inside the box was
first set in each case, and then the RH of the inside air was
changed.

1) Case 1: Moist air temperature is maintained at 10 °C in this
case, and moist air RH was changed to 70%, 80%, and 90%.
The temperature increases of the power MOSFETs in the
power converter were measured in each ambient RH level. The
experimental results are shown in Fig. 9.

2) Case 2: Air temperature is 20 °C in this case, whereas air
RH was also varied from 70% to 90% with 10% intervals. The
experimental results of the device temperature increases in
these conditions are shown in Fig. 10.

3) Case 3: Air temperature is maintained at 30 °C in this case,
and the device temperature increases were measured as air RH
changed as before. The experiment results are shown in Fig.
11.

First, verifying the temperature distribution of the power
converter from the simulation is important. Thus, the simulated
temperature increases of 12 power MOSFETs are compared
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Fig. 9. Temperature increases of the MOSFETSs at 10 °C.
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Fig. 10. Temperature increases of MOSFETS at 20 °C.
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Fig. 11. Temperature increases of MOSFETS at 30 °C.

with the experimental results. Fig. 12 shows the comparison
results at 30 °C as an example. Several errors between the
simulation and experiment are observed because of the
asymmetry characteristics between the devices in the
experiment, including the different lengths of the connection
and different stray parameters. Thus, their variation trends are
basically the same, which verifies the correctness of the
temperature distribution results from the simulation.

The experimental and simulated results also show that the
RH does not influence temperature distributions among the
devices regardless of ambient temperature. The highest
temperature is then obtained for analysis as shown in Fig. 13.
This figure presents the relationship between the highest
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Fig. 12. Comparison of the simulated temperature distribution of
the power converter and experimental model at 30 °C.
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Fig. 13. Relationship of RH and temperature increase from
experimental results.

temperature of the power converter and the ambient RH of
moist air. The highest temperature decreases as the ambient RH
increases in a fixed ambient temperature.

Comparing the simulation and experimental results
(although these do not exactly match) shows that they have the
same variation trend, which verifies the correctness of the
simulation model. Two main reasons explain the differences
between the simulation and the experiment. First, the
simulation results are the junction temperature, whereas the
experimental results are the surface temperature of the devices.
Second, the heat transfer performance in simulation is stronger
than the experiment because of the simplified thermal model,
so the simulated junction temperatures are lower than the
experimental ones.

Owing to the limitation of the experimental conditions, the
simulated results at 60% and 50% are unverified by the
experiment. However, the law of temperature variation from
50% to 90% is the same as in the simulation.

Thus, the simulation and experiment show that the heat
transfer performance of the power converter is enhanced as the
ambient RH decreases. However, the temperature distribution
of the power converter is independent from the ambient RH.

V1. CONCLUSION

A highly humid environment has a significant effect on the
temperature reliability of electrical equipment. This study uses
an SRM power converter to study the influence of ambient RH
on its heat transfer performance. First, the mathematical
equations and a simplified thermal model for the power
converter in a humid environment are proposed and
implemented in the CFX software. The numerical solutions are
derived on the basis of several suitable assumptions. Finally,
the simulation results are validated by the designed experiment
platform. The study results shows that a high ambient RH can
decrease the temperature increases of the power converter, but
does not influence its temperature distribution in fixed ambient
temperature. The simulated results at 60% RH and below can
be verified by more advanced experimental platforms in the
future, and the power converter characteristics at 100% can
also be studied.
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