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Abstract: In the current paper, an analysis of the influence of cooling system selection on the thermal
parameters of two thermally coupled power MOSFETs is presented. The required measurements of
the thermal parameters were performed using the indirect electrical method at different values of
power dissipated in the investigated transistors and various supply conditions for the active parts
of their cooling systems. The results of the investigations are analysed and discussed. Functions
modelling the observed dependences of thermal parameters of the investigated MOSFETs on the
power that was dissipated in them as well as the supply conditions of the active parts of their
cooling systems are proposed. A good agreement between the results of the measurements and the
computations was obtained. It is shown that the use of active cooling systems makes it possible to
reduce the value of the thermal resistance of the tested transistor up to 20 times. In each of the tested
systems, the self- and transfer-thermal resistances decreased with an increase in the dissipated power
and the rotational speed of the fan.

Keywords: thermal resistance; transient thermal impedance; thermal parameters; power MOSFETs;
measurements; cooling systems; thermal phenomena; self-heating; power semiconductor devices

1. Introduction

Power MOS (Metal-Oxide Semiconductor) transistors are power semiconductor de-
vices that are commonly used in electronics and power electronics [1-3]. The characteristics
of these devices strongly depend on their internal temperature Tj [1,4,5]. This temperature
rises above the ambient temperature T, due to thermal phenomena; i.e., self-heating and
mutual thermal couplings with the devices situated on a common base (e.g., on a common
PCB or on a common heat sink) [6-8]. An excessive increase in the internal temperature of
a semiconductor device may lead to a significant shortening of its lifetime [9,10]. There-
fore, the cooling systems of semiconductor devices are very important as they allow the
limitation of the value of the internal temperature of the semiconductor device during
its operation.

The ability of a cooling system to remove the heat that is generated in a semiconductor
device is described using thermal parameters. These include transient thermal impedance
Zyy(t) and thermal resistance Ry, [8,11,12]. These parameters characterise the efficiency
of removing the heat that was generated in the semiconductor structure of the device to
the surroundings.

For the cooling of semiconductor devices, either passive cooling systems are used,
which rely on the phenomenon of free convection, or active cooling systems are used, which
rely on forced convection [13,14]. These systems make it possible to increase the efficiency
of the heat dissipation between the case of the device and the surroundings. Practical
solutions for cooling electronics can include many components, e.g., heat sinks, fans, Peltier
modules, heat exchangers for liquid cooling systems and interface materials [15-17]. Many
of the forced cooling systems are characterised in the papers [13-18]. Some components of
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such cooling systems are described by their manufacturers [19-24]. As shown i.a. in the
papers [13,25], the thermal resistance of an electronic component depends on many factors
characterising the heat transport between the semiconductor die and its surroundings and
it is related to a manner of mounting the component and the multi-path flow of heat.

In passive cooling systems, a reduction in the value of the thermal resistance is
achieved by increasing the surface on which the heat convection takes place (e.g., by using
heat sinks) or by increasing the efficiency of the radiation by increasing the emissivity of the
cooling system’s surface (e.g., by oxidising it) [14]. In turn, in forced cooling systems, the
reduction of the thermal resistance value is achieved, among other methods, by increasing
the air flow rate around the device that is to be cooled or by increasing the flow rate of the
cooling liquid through the heat exchanger [14].

Cooling systems can be built in various configurations having different efficiencies.
From an engineer’s point of view, computer modelling is a useful tool in the design and
optimisation of cooling systems [18,26-28].

Thermal models allow the computing of the device’s internal temperature at the
known dissipated power. The transfer of the heat that is generated in electronic devices to
their surroundings takes place by means of three mechanisms [14,29]: heat conduction, con-
vection and radiation. As indicated in [14,29,30], the efficiency of each of these mentioned
ways depends, among other factors, on the ambient temperature and internal temperature
of the considered device.

Most compact thermal models that are proposed in the literature are linear and
do not take into account the influence of the temperature on the effectiveness of the
semiconductor device’s cooling. In the authors’ previous paper [30], nonlinear thermal
models of semiconductor devices that operate with passive cooling systems were proposed.

Classical compact thermal models make it possible to determine the temperature value
by taking into account only the influence of self-heating [11,16]. These models use thermal
transient impedances Zy, (t), hereinafter referred to as self-transient thermal impedances. In
the case of thermally coupled elements, it is necessary to additionally use transfer transient
thermal impedances Zy,, (t) [7]. As it is known, from the papers [13,30], waveforms Z, (t)
depend on the design of the cooling system and change with changes in the value of the
power that is dissipated in the device. It should be expected that the mentioned factors also
influence the time histories of Zy,,(t). The transient thermal impedance waveforms are
described using the general formula of the form [28]:

- iai-exp<—t)] M)

Zin(t) = Ren: p—
i=1 thi

where Ry, is thermal resistance, a; are the weight coefficients that are related to thermal
time constants Ty,;, and N is the number of thermal time constants. For transfer transient
thermal impedance Zy,, (t), transfer thermal resistance Ry, is used instead of Ry,.

In many papers (e.g., [25,30-33]) the influences of the construction of a cooling system
and the operating point of the considered semiconductor device on its thermal resistance
are analysed. In the cited papers it is shown that this thermal resistance decreases with
an increase in the area of the soldering pads, the dimensions of the heat-sink and the
rotational speed of the fan. The influence of the dissipated power on the thermal resistance
depends on the dimensions of the used heat-sink. In the known literature there is a lack of
analysis of the influence of the construction of the forced cooling systems on the self- and
transfer-transient thermal impedances of power semiconductor devices.

This paper presents the results of investigations that illustrate the influence of the
cooling system’s design and its selected parameters, as well as the power that is dissipated
in the tested device, on the self- and transfer-transient thermal impedances. The inves-
tigations were carried out for power MOSFETs in TO-220 cases that were mounted on a
common PCB and operating in selected passive and active cooling systems. Based on the
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measurement results that were obtained, an analytical description of the influence of the

selected parameters on values of Zy,(t) and Zy,y, (t) at the steady state is proposed.
Section 2 describes the measurement method that was used. Section 3 describes the

cooling systems that were used. Section 4 contains the obtained measurement results.

2. Measurement Method

In the present paper, two thermally coupled power MOSFETs working with various
cooling systems are an object of the investigations. To carry out the measurements of
thermal parameters of these transistors, the setup that is shown in Figure 1 was designed
and constructed.

Polarisation circuit of
transistor M,

Thermal @ -> I>|1 o
coupling ~J D, J
Ru
| — 2 S M-
1
1 RGB VS
Vi Va

Measurement [
module

A

Polarisation circuit of
transistar M,

Figure 1. Diagram of the measurement setup.

In the discussed setup, the investigated MOSFETs were marked as M; and M,. M is
the transistor, in which the power was dissipated. Its die temperature grew as a result of
self-heating. The die temperature of M, rose as a result of its thermal coupling with M.
In this setup, the indirect electrical method of thermal parameter measurement was used.
This method makes use of the dependence of a thermosensitive parameter (TSP) on the die
temperature of an electronic device.

The described setup allows for the measurement of the die temperature of transistor M;
using the gate-source voltage vg as the TSP. During the measurements, the transistor was
operating in the saturation range. The measurements of the die temperature of transistor
M, were carried out using voltage vy, on the forward biased body diode.

The measurement setup was composed of three main subcircuits: the circuit of polari-
sation of transistor M, the circuit of polarisation of transistor M, and the measurement
module with the PC.

The values of the TSPs, vgs and vg, were logged with the measurement module USB-
2404-60 by Measurement Computing (Norton, MA, USA) [34]. This module has four built-in
independent measurement channels. Each channel contains 24-bit Delta-Sigma DAC and
enables the achievement of a sampling rate within a range from 1.613 kS/s to 50 kS/s. The
measurement range of the module embraces voltages from —60 V to +60 V. The maximum
sampling frequency fsmax that was used during the measurements was equal to 10 kS/s.
The values of TSP parameters of both of the MOSFETs were logged with the use of the
dedicated software MCScan and the PC [31,35].
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So as to apply the indirect electrical method in order to measure the self-transient
thermal impedance Z,(t) of transistor M; and transfer-transient thermal impedance Z,, (t)
of transistor M, with the electrical method, it was necessary to measure the thermometric
characteristics of both of the investigated transistors; i.e., the dependences of the selected
TSP on the die temperature. The procedure and the results of the thermometric character-
istics measurements for the investigated transistors in the setup that is currently under
consideration are described in [31].

Once the thermometric characteristics of both of the transistors were known and their
approximating functions were determined, the measurements of Zy,(t) and Zy,, (t) were
performed in the following three steps:

1.  Heating the transistors up to the thermally steady state by means of the dissipation
of power p equal to the product of the voltage Vpg; and current I; in transistor Mj.
At this measurement stage, switch S; was set to position 1. Due to the self-heating of
the die of transistor My, its temperature increased and, at the same time, the internal
temperature of M, increased as a result of the mutual thermal coupling with transistor
M;. This stage of measurement ended after the thermally steady state in both of the
transistors was reached.

2. Recording the TSPs waveforms after a change in the position of switch S; from 1
to 2. The measurement ended when the transistors M; and M, cooled down to the
ambient temperature.

3. Computing Zy,(t) and Zy,y (t) from the formulas [31]:

a1+ (vEs(t) — vgs(t = 0)) + b (ves(t) — ves(t = 0))

Zth<t) - I; Vps ’ )
(v2 _ - . _ _
o (t) = 2 (VRa(t) = vip(t = 01)1)' \:Zj (VE2(t) — vRa(t = 0))/ 3)

where a; and b; are the coefficients of the function approximating the thermometric char-
acteristic Tj(vgs) of transistor M; and a; and b, are the coefficients approximating the
thermometric characteristic Tj(vg>) of transistor M. The values of parameters aj, by, a and
b, were obtained using the measured thermometric characteristics Tj(vgs) and Tj(vg2) as
the input data for the approximation procedure that was performed with Excel software
(Microoft, Redmond, WA, USA).

The accuracy of the presently used measurement method was analysed in the pa-
per [31]. The results of the performed analyses proved that the measurement error is a
decreasing function of the dissipated power. If this power is so high that the internal
temperature Tj is over 50 °C higher than ambient temperature T,, then this error is smaller
than 5%.

3. Investigated Cooling Systems

Two power MOSFET transistors IRF840 in TO-220 package, produced by Vishay
(Malvern, PA, USA), were chosen for the investigation [36]. The transistors were soldered
to a universal PCB that is made of FR4 laminate of the dimensions 35 x 45 mm. The
distance between the axes of symmetry of the transistors was equal to 10 mm and the
distance between the inner edges of their packages was equal to 5 mm.

The thermal parameters of the investigated MOSFETs that are specified by the producer
are as follows [36]:

(@) The maximum value of thermal resistance junction-ambient Ry, = 62 K/W,
(b) The maximum value of thermal resistance junction-case (drain) Ry = 1.0 K/W,

(¢) The typical value of thermal resistance case-heat sink in the case when thermal paste
is used: Ryes = 0.5 K/W.
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In order to assess the influence of a cooling system on the thermal parameters of the
investigated MOSFETS, several cooling systems were selected. The investigations were
carried out using the following cooling systems:

Transistors with no additional cooling components.

Fan with transistors placed on the intake side.

Fan with transistors placed on the exhaust side.

Extruded heat sink made of aluminium.

Extruded heat sink with a fan.

Heat pipes with an aluminium heat sink.

Heat pipes with an aluminium heat sink and two fans in push-pull configuration.
Liquid cooling system.

LTOMHEOO® >

The detailed description of the listed cooling systems is given in Sections 3.1-3.4.

3.1. Cooling Systems A, B and C

In the present paper, the packages of the investigated transistors with no additional
devices attached to them are referred to as cooling system A. In cooling systems B and C, a
fan that forces a flow of air around the MOSFETs packages was used. Cooling systems A-C
are shown in Figure 2.

Figure 2. Cooling systems (a) A and (b) B and C.

Systems B and C differ between each other with regard to the location of the fan in
relation to the transistors. In system B, the fan was placed with the intake side facing
the transistors, whilst in system C, the fan was placed with the exhaust side facing the
transistors. The fan that was used is the Titan TFD-8025H12C (Titan Polska, Cracow,
Poland). Its rated supply voltage is 12 V, its supply current is 0.16 A and its power
consumption is 1.92 W. The fan’s nominal rotational speed is 3000 rpm, which ensures
airflow of 36.48 CFM (61.98 m3 /h), static pressure of 0.14 inch-H,O (34.8 Pa) and a generated
noise level that is below 33 dBa. This fan has the dimensions 80 x 80 x 25 mm [19].

3.2. Cooling Systems D and E

Systems D and E are shown in Figure 3a,b. In system D, the transistors were cooled
with an extruded heat sink made of raw aluminium [20]. The heat sink has the dimensions
74 x 50 x 30 mm and a mass of 96 g.
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Figure 3. Cooling system (a) D and (b) E.

In system E, the fan that was described in the Section 3.1 was added. The fan was
placed on top of the heat sink with the air intake facing the heat sink. In both of the systems
the transistors were fixed to the heat sink with M3 bolts using torque that was equal to
1 N-m. As a thermal interface between the package of transistor M; and the heat sink, the
thermal compound Electrolube HTC (Ashby de la Zouch, UK) was used [21]. The thermal
conductivity of the compound is equal to 0.9 W/(m-K). Due to the different polarisations
and different drain potentials of the transistors M; and M, during the measurements, M,
was electrically insulated from the heat sink with the thermal pad Fischer Elektronik KAP
220 G (Ludenscheid, Germany) [16] and a Teflon separator. The thermal pad is composed
of a polyimide-carrier foil with a silicone-free phase changing the thermal conductive layer
that is completely coated on both sides. The overall thickness of the pad is 77 pm, with
a substrate that is 50 um thick. The thermal conductivity of the pad substrate is equal to
0.45 W/(m-K) [22]. The thermal resistance of the pad is equal to 0.15 K/W (at an area that
is equal to 1 inch? = 6.45 cm?).

3.3. Cooling Systems F and G

In systems F and G, the cooling set Arctic Freezer 34 eSports Duo (Brunswick, GA,
USA) [23], which is dedicated for use in CPU cooling, was used. In system F, only the heat
pipes with a heat sink were used, whilst in system G a fan on each side of the heat sink was
added. The cooling systems that have been described here are shown in Figure 4.

The Arctic cooling set is constructed from four 6 mm diameter copper heat pipes, to
which a stack of 54 aluminium fins is attached. The fins are 0.4 mm thick. In order to
maximise the heat conduction from the heat source to the heat sink, the heat pipes in the
base of the system are shaped and machined into a flat surface that adheres directly to
the CPU that is being cooled. In heat pipe applications this is the so-called direct contact
technique (DCT). Additionally, the set is equipped with two 120 mm fans working in a
push-pull configuration that are attached to each side of the heat sink. The fans are PWM
signal-controlled in a range of the rotational speed 200 rpm to 2100 rpm. The nominal
supply conditions are 12 V DC and 0.13 A. The thermal design power (TDP) of the system
is equal to 210 W. The dimensions of the complete set are 124 x 103 x 157 mm. The net
weight is 764 g.

The manner of attaching the investigated transistors to the base of the cooling system
is shown in Figure 5.



Energies 2022, 15, 2923

7 of 20

Figure 5. Manner of attaching the investigated MOSFETs to the base of the cooling systems F and G.

Both of the transistors were insulated from the base of the system with the pads that
are described in the Section 3.2. In both of the cooling systems that were considered, in
order to fix the transistors to the base of the system a back frame that came as a part of the
Arctic cooling set and a pine wood profile of a rectangular cross section were used.

3.4. Cooling System H

As cooling system H, the Enermax ELC-AQF120-SQA All-in-One (AiO) (Taoyuan,
Taiwan) [24] CPU liquid cooling system was used. The view of the system and a manner of
attaching the investigated MOSFETSs to the water block is shown in Figure 6.

The system is composed of two main parts—a water block and a radiator, which are
connected with two rubber hoses of 400 mm in length.

The water block is built from a coolant pump and a cold plate, which in the typical
working conditions of the system comes into contact with the surface of a CPU that is being
cooled. The cold plate is made of copper and has a skived heat sink that is positioned
on a coolant chamber side. This heat sink is divided into two parts with a shunt channel
located in the middle. The coolant that comes from the radiator is delivered centrally and
flows through the fins of the radiator in the outwards direction absorbing the heat. Such
construction ensures the shortening of the path of the coolant flow and improves heat
dissipation from the cold plate. The warm coolant is pushed away by the pump to the
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radiator, where it gets cooled. In order to improve heat dissipation, the system is equipped
with a 120 mm diameter fan that is fixed onto the radiator.

(b)

Figure 6. Cooling system (a) H and (b) the manner of attaching the investigated MOSFETS to the
water block of this system.

The rated pump supply conditions are vp =12 V and ip = 0.7 A, which allow the pump
to work with a rotational speed of 3100 rpm. The nominal supply conditions for the fan
are Vpy = 12V, ip, = 0.38 A. The PWM control signal allows the adjustment of the fan to
a rotational speed in a range from 500 rpm to 2000 rpm. The fan produces air flow in the
range 39-79.8 CFM (66.26-135.58 m3/h) and static pressure between 0.67-3.6 mm-H,O.
The thermal design power of the system is 300 W and its net weight is 0.9 kg.

As is illustrated in Figure 6b, the transistors were fixed to the water block in a similar
manner as in the case of systems F and G using the parts that were delivered with the
cooling system that has been described.

4. Results

In order to investigate the influence of the selection of a cooling system on the thermal
parameters of the investigated transistors, measurements at different values of power as
well as various supply conditions of the active parts of the cooling systems were performed.
The measurements were carried out using the setup that was described in Section 2.

The results of the measurements are presented and discussed in Sections 4.1-4.4. In
Section 4.1, the influence of the power that was dissipated in transistor M1 on the waveforms
of its self-transient thermal impedance Zy,(t) as well as the waveforms of transfer-transient
thermal impedance Zy,,(t) of transistor M, in the considered cooling system are shown.
In Section 4.2, the quantity of the thermal time constants characterising the waveforms
of Zy,(t) and Zy, (t) in the investigated cooling systems are discussed. The influence of
the supply conditions of the active parts of the considered cooling systems is illustrated in
Section 4.3.

4.1. Waveforms of Transient Thermal Impedances Zy,(t) and Zy,y,,(t) of the Investigated MOSFETs

The waveforms of the self- and transfer-transient thermal impedances, Zy,(t) and
Zim(t), of the investigated MOSFETs working with different cooling systems and measured
at various levels of power dissipated in transistor M; are presented in Figures 7-10.

Figure 7 shows the waveforms of Zy,(t) and Zy,y (t) for the cooling systems A-C. In
all three of these cooling systems, the tested transistors were connected to each other only
through the PCB, to which they were soldered.
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7 35
—p=5W system D —p=10W system F
6 4 3] —p=15W
—p=20W
= —_ | —p=25W
CER 2257 p=30W
2 hd —p=35W
34 1 S 2 4
g E
= -
35 N 1.5 A
:: o
=) | =
N* N
1 0.5 4 Zopn(®)
0 . . : T : : : 0 : . . . i v .
00001 0001 00l 0.1 1 10 100 1000 10,000 0.0001 0001 001 0.1 1 10 100 1000 10,000
t]s] ts|
(a) (b)

Figure 8. Transient thermal impedances Zy,(t) and Zy,,,(t) of the investigated MOSFETs with the
cooling systems (a) D and (b) E.
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Figure 10. The (a) self- and (b) transfer-transient thermal impedances of the investigated MOSFETs
with all the cooling systems.

As can be seen, in all three of these cooling systems there is a slight influence of power
on both the Zy,(t) and Z,,(t) waveforms for the time ¢t > 20 s. For time f < 20 s in each
of the tested systems, the waveforms Z,(t) coincide and the effect of the power that was
dissipated is not visible. It should be assumed that in this time interval the conductivity
was the dominant mechanism of heat dissipation from the transistor die. For ¢ > 20 s,
with an increase in temperature, the convection and radiation were seen to be more and
more important.

The weak dependence of Ry, on the dissipated power is probably due to the small heat
transfer area from the transistor case. This has little influence in increasing the convection
efficiency as the temperature difference between the case surface and the surroundings
increases. The influence of the level of power on the values of Ry, and Ry, will be discussed
in detail in Section 4.4.

The thermal coupling between the transistors was strongest in system A and definitely
weaker in systems B and C. This is due to the fact that the transistors are thermally coupled
mainly through the board, to which they are soldered. In systems B and C, the forced
convection with a fan caused very effective cooling for both the transistor cases and the
PCB on which they are mounted. The heat that dissipated in transistor M; was removed
mainly by this convection and very little of this heat was removed by heat convection via
the PCB. Therefore, the increase in the internal temperature of transistor M, was very small
in these systems.
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The heating of transistor M, began only after a time that was equal to several tens
of seconds from the beginning of the power dissipation in transistor M;. The time of
establishing the waveform in each of the considered systems was shorter for Zy,(t) than for
Zmm(t) and the differences were as high as 50%. The settling time for all of the waveforms
decreased with an increase in the cooling efficiency and was the shortest for system C. At
the steady state, the values of Zy,(t) were the highest in system A and the lowest in system
C. These values differ by almost double. The steady-state values for the waveforms Z,, (t)
changed similarly, but for system C they were twenty times lower than those of system A.

In systems D and F-H, the tested transistors were mounted on a common substrate
with thermal conductivity that was much greater than the thermal conductivity of the
laminate, to which they were soldered. In systems D and F, the heat sinks were cooled with
the use of free convection and in systems G and H the cooling was forced by the operation
of the fans. Figure 8 shows the waveforms Zy,(t) and Zy,, (t) of the tested transistors in
systems D and F and the waveforms of systems G and H in Figure 9.

As can be seen in Figure 8a, similarly to systems A-C, the power that was dissipated in
transistor M; did not affect the value of Zy,(t) for time t <200 s and likewise in system E for
time f < 1 s. In system D there was a strong influence of power on both Zy,(t) and Zy,, () at
the steady state. This is because the heat was conducted through the heat sink material and
dissipated away from its large surface area. In this case, the effectiveness of free convection
increased with the temperature of the heat sink [14]. The high value of Zy,,(t) is due to the
heat transfer between the transistors through the heat sink. On the other hand, in system F,
the influence of the power on Z,(t) and Zy,, (t) was much weaker than in system D. This is
probably due to the fact that heat was much more efficiently removed from transistor M;
as a result of the phase transformation that was taking place in the thermal tubes. This heat
was carried from the area of transistor M; in the form of vapor to the condenser section,
where it was released to the surroundings. In such a situation, despite mounting both of
the transistors on a common PCB, the heat was conducted from transistor M; to M, mainly
through the thin tube walls and the capillary structure with which the tubes were covered
on the inside. The temperature of transistor M; was set in system D after approx. 2000 s
and in system F after approx. 1000 s.

In turn, as shown in Figure 9, the power that was dissipated in transistor My did not
significantly affect the waveforms Z, (t) or Zy,n(t) in the whole considered power range.
Despite the fact that both of the tested transistors were mounted on a common base, the
thermal coupling of transistors M; and My is very weak. The time that was indispensable
to obtain the steady state of the temperature of transistor M; was much shorter in the
systems that are under consideration compared to systems A-D and F. This time amounts
to approx. 100 s. The internal temperature of transistor M in system G increased for time
t>2sand in system H for t > 10 s.

In order to compare the dynamic properties of all of the considered cooling systems, the
measured waveforms of Zy,(t) and Zy,, (t) are shown in Figure 10. For each cooling system,
the waveform of the measured parameter was selected at the power value corresponding
to the highest value of the internal temperature that was obtained in the considered
cooling system.

As can be seen in Figure 10a, for time t < 0.2 s, the waveforms Zy,(t) for all of the
cooling systems practically coincide. This is justified, because in this respect the cooling
process is determined by the thermal properties of the case of the tested transistors. The
settling time of the waveform of Zy,(t) was the shortest in systems G and H which were
using liquid cooling and is only 2 s. The longest settling time of about 1000 s was obtained
with system F that was operating with free cooling. It can also be seen that when the
considered cooling systems were used it was possible to obtain the values of the thermal
resistance in the range from 1.5 K/W for system G to over 40 K/W for system A.

In Figure 10b, it can be seen that the waveform in the delay time Z,,, (t) with respect
to Z,(t) ranges from 1 s for system G to 20 s for system F. The steady state values of Zy,n,(t)
include ranges from 0.1 K/W for system H to 3.8 K/W for system D.
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4.2. The Influence of the Fans” Supply Conditions on Thermal Parameters of the
Investigated MOSFETs

In systems B, C and E, the parameter that was determining the fan’s supply conditions
was its supply voltage v, and in system G it was the duty cycle d of the PWM signal that
was supplying the fan. Both of these parameters determine the fan’s rotational speed w and
the air flow speed that is cooling the tested transistors. Such dependences are presented in
Figure 11. The speed of the air flow is linearly dependent on the rotational speed of the fan.

systems B, C, E
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Figure 11. Dependences of the rotational speed of the fan (a) used in cooling systems B, C and E on
its supply voltage and (b) the fan used in system G on the duty factor of its PWM supply signal.

Figure 12 shows the effect of the fan’s supply voltage in systems B and C on the
waveforms Zy, (t) and Zyyy (t).
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Figure 12. Transient thermal impedances Zy, (t) and Zy,,,(t) of the investigated MOSFETs with the
cooling system (a) B and (b) C.

As can be seen, the fan’s supply voltage significantly influenced the waveforms Z,(t)
for time t > 10 s. This is due to the increased efficiency of the convection with an increase in
the air flow velocity. With an increase in the voltage that was supplying the fan for both of
the transistors, the time to reach the steady state was also shortened.

The influence of voltage v, on waveforms Zy,,(t) is also important. In the tested
cooling systems, the forced air flow significantly weakened the thermal coupling. In system
B, the thermal coupling between the transistors can be considered negligible at voltage
VEn > 6 V and in system C at v, > 4 V. It is also worth noting that the value of Zy,(t) in the
steady state changed twice when changing the fan’s supply voltage in system C.
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Figure 13a shows the influence of the fan’s supply voltage in system E and Figure 12b
shows the effect of the duty cycle of the PWM signal that was supplying the fans in system
G on waveforms Zy, (t) and Zg,, (t).
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Figure 13. Self- and transfer-transient thermal impedances of the investigated MOSFETs with the
cooling system (a) E and (b) G.

As can be seen in Figure 13, in both of the considered cooling systems, the fan supply
conditions did not affect the waveforms Zy,(t) or Zy,,(t) in the time interval t < 50 s in
system E and t < 20 s in system G. The fan’s power supply was important for time t > 50 s
in system E and t > 20 s in system G. With an increase in the voltage vy, the time for
determining the considered waveforms of transistor M; in system E was significantly
reduced—from approx. 2000 s to approx. 800 s. Similarly, an increase in the value of
the duty cycle d shortened the settling time in system G from approx. 2000 s to 80 s. It
is also worth noticing that a change in the fan’s supply voltage in the considered range
caused very big changes in the value of Zy,(t) and Zy,,(t) at the steady state in both of the
considered cooling systems. Particularly big changes concern the value of Zy,,(t). This
change reached 400% in system E and as much as 1300% in system G.

4.3. Influence of the Cooling System on Thermal Time Constants

In order to compare the influence of the cooling system on the thermal time constants
that occurred in the description of Zy,(t) of the cooling systems that are under consideration,
the waveforms Zy,(t) in the cooling systems normalised to Ry, are shown in Figure 14.

As can be seen in Figure 14a, the normalised waveforms Zy,(t)/Ry, that were de-
termined for cooling systems A-C and H have very similar shapes. This proves that an
identical number of thermal time constants describing these waveforms and the visible
shifts between these waveforms indicate the differences between the values of these time
constants. Regarding the dominant thermal time constant, to which the a; coefficient
corresponds, its highest value occurs for system A and its lowest for system H.

In turn, it can be seen in Figure 14b that there are additional thermal time constants
for cooling systems DF. The number of thermal time constants was reduced when using
system G, which can be seen in Figure 14b.

Figure 15 shows the waveforms of the transfer-transient thermal impedances Z,, (t)
normalised to the transfer thermal resistance Ry,,.

For all of the considered cooling systems, the delay of the waveforms Zy,,, (t)/Rnm
in relation to the waveforms Zy,(t)/ Ry, ranging from 1 to several seconds, is visible. This
results from the thermal inertia that is caused by the transistor case. It can also be seen that,
in the description of the waveforms Zy,y,(t), there is one dominant thermal time constant,
the value of which depends on the cooling system that was used, and it ranges from a few
to several hundred seconds.
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Figure 14. Self-transient thermal impedance waveforms normalised to self-thermal resistance of the
investigated MOSFETs for the investigated cooling systems: A, B, Cand H (a), D, E, F, G (b).
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Figure 15. Transfer-transient thermal impedances normalised to transfer thermal resistance of the
investigated MOSFETs for the investigated cooling systems.

4.4. Influence of Selected Factors on Thermal Resistance

The thermal properties of the considered thermally steady state transistors are char-
acterised by their self- (Ry,) and transfer-thermal (Ry,,y,) resistances. The values of these
parameters depend on the cooling system that was used, the power conditions for the
tested transistors and the power supply conditions for the active components of the cooling
system. These relationships for the individual cooling systems are shown in Figures 16-18.

Figure 16 shows the dependences of the Ry, and Ry, of the tested transistors on the
power p that was dissipated in transistor M;. In these figures, the relationships Ry, (p) are
marked with continuous lines and relationships Ry, (p) are marked with dashed lines.
The presented dependences are determined for the different ranges of the changes of the
power p that was dissipated in transistor M;. This range was limited at the bottom by
the minimum power value ensuring an acceptable measurement error value that was
determined in accordance with the considerations given in [31]. In turn, the maximum
value of the power p was determined by the maximum permissible value of the internal
temperature of the tested transistors that was provided by the manufacturer. The results
that are presented for systems G and H refer to the maximum considered rotational speed
of the fan.
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Figure 16. Dependences of Ry, and Ry, of the investigated MOSFETs with cooling systems (a) A-C,
(b) system D and (c) systems F-H on the power dissipated in transistor M.
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Figure 17. Measured and calculated dependences (a) Ry, (p) and (b) Ry, (p) for the investigated
cooling systems.
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Figure 18. Measured and calculated dependences Ry, (w, p) and Ry, (w, p) for the cooling system
(a) Band C, (b) system E and (c) system G.

When analysing the presented research results, it is worth noting that in systems A, D
and F the relationships Ry, (p) and Ry (p) are decreasing functions. The greatest changes
in the values of Ry, and Ry, were obtained for system D—they reached up to 20%. For
systems B and G, the considered dependences are increasing functions. In systems C and H,
the power had a slight influence on the values of Ry, and Ry, It is also worth noticing that
for systems B, C, G and H the values of Ry, were much lower (more than twenty times)
than the values of Ry,. In such a case, it can be concluded that, for these cooling systems,
the mutual thermal couplings between the tested transistors can be ignored, because
the temperature increase inside the transistor that is caused by these couplings does not
exceed 3 °C.

The dependence of the considered thermal resistances on power p and the rotational
speed of the fans w can be described by the empirical formula of the form:

Ry = (Rtho + Rtm-exp<—lfo>)~<1 + rsthw-exp<—u‘j’0)> (4)

where Ring, Rih1, Bthw, Po and wg are the model parameters. The values of parameters Ry,
Rin1, Po, Bthw and wq depend on the configuration of the investigated cooling system. For
the passive cooling systems, (3, was equal to zero and the formula became much simpler.

The values of the parameters describing the relationships Ry, (p, w) and Ry (p, w) are
collected in Tables 1 and 2.
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Table 1. Values of Ry, (p, w) model parameters for the tested cooling systems.

System Rino [K/W] Ry [K/W] po [W] Bthw wy [1/min]
A 41.5 3 2 0 -
B 30.5 1 1 0.97 4100
C 21.2 1 1 0.95 1020
D 4.62 2.3 9.9 - -
E 2.2 0 - 1.28 940
F 3.25 2.5 5 - -
G 2.16 -2 3 0.47 350
H 2.71 4.8 3 - -

Table 2. Values of Ry, (p, w) model parameters for the tested cooling systems.

System R [K'W] Ry [K/W] po [WI Bihw wp [1/min]
A 335 57 0.65 - -
B 043 0.1 0.5 7.5 1200
C 0.31 2 1.02 7.5 350
D 3.67 2.5 9.9 - -
E 1.22 0 - 231 1040
F 1.2 25 5 - -
G 0.06 -1 3 185 350
H 0.1 1 3 - -

As is visible in Tables 1 and 2, the values of the parameter Ry, that are describing
self-thermal resistance are much higher than those of this parameter that are describing
transfer-thermal resistance, by up to 70 times. The highest values of this parameter were
obtained from the characterisation of Ry, in system A. Parameter Ry, describes the range
of the change values of Ry, and Ry, at the changes in the value of the dissipated power.
The values of this parameter were higher for the cooling systems without any fan (systems
A, D, F and H). The parameter pg characterizes the slope of the dependences Ry, (p) and
Rihm (p). In turn, parameter 34, describes the range of change values of Ry, and Ry, at
the changes in the rotational speed of the fan, whereas w characterizes the slope of these
dependences. The values of parameter (3,9 were higher (in the case of system G, much
higher) for the dependence Ry, (w) than for Ry, (w).

Figure 17 shows the dependences Ry, (p) and Ry (p) that were calculated from the
formula Equation (4) (denoted by lines) and measured (denoted by points) and Figure 18
shows the relationships Ry, (w) and Ry (w) for the tested cooling systems.

As can be seen, good agreement was obtained between the results of the calculations
and measurements for all of the considered cooling systems. For the results that are
presented in Figure 17, the differences between the measured and computed values do not
exceed 3% (for system B) for Ry, and 6% (for system F) for Ry,p,. In turn, for the results that
are presented in Figure 18, the differences between the results of the measurements and
computations do not exceed 5% and are the greatest for system B.

It is worth noticing that the use of an appropriate cooling system enables the reduction
of the thermal resistance value from over 40 K/W to only 2 K/W, which is only 1 K/W
higher than the thermal resistance that is declared by the manufacturer between the semi-
conductor die and the case. In Figure 17 it can be seen that the influence of the power p on
the value of Ry, depends on the cooling system that was used. Figure 17b shows that Ry,
is a strongly decreasing power function.

In turn, Figure 18 indicates that an increase in the fan’s rotational speed caused a
significant decrease in Ry, and Ry, For systems B and C, this change amounted to 30%,
for system E it amounted to 50%, and for system G it amounted to 30%. In the case of
systems B, C and G, the value of Ry,,, was much lower than the value Ry,, while for system
E the difference between Ry, and Ry, was constant and equal to the value Ry of the
tested transistors.
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5. Conclusions

In the present paper the results of the investigations concerning the selection of a
cooling system on the thermal parameters of two thermally coupled power MOSFETs are
presented. The investigations were performed using transistors in TO-220 cases mounted
on the common PCB. These transistors were cooled by different passive and active cooling
systems. With the use of the indirect electrical method the waveforms of the self and
transfer transient thermal impedances of these transistors were measured. The influence
of each cooling system on the thermal parameters of these transistors is presented and
discussed. Additionally, the influence of the dissipated power and the rotational speed of
the fan was investigated in each cooling system.

On the basis of the obtained measurement results, an analytical formula describing the
influence of the dissipated power in passive systems as well as the influence of the power
and the rotational speed of the fans at work in active cooling systems was proposed. The
correctness of the proposed formula was verified experimentally for each of the considered
cooling systems. The proposed formula allows the description of both the self- and transfer-
thermal resistances of the investigated transistors. A very good match of the results of the
measurements to the calculations was obtained.

It was shown that for some cooling systems the influence of thermal couplings can be
omitted due to a very low value of transfer thermal resistance. This is true especially in the
case of active cooling systems with a fan that is operating at a high rotational speed. The
use of modern cooling systems that are based on heat pipes makes it possible to reduce
the value of the thermal resistance by up to 20 times. Such systems allow the reduction
of the value of the junction-ambient thermal resistance to a value that is about two times
higher than the maximum value of the thermal resistance junction-case of the investigated
transistors as declared by the producer.

The results of the investigations that are presented in the present paper can be applied
to other power semiconductor devices. These results can be used by designers of power
electronic circuits and designers of cooling systems of power semiconductor devices. By
using the proposed dependence and the obtained results of the investigations it is possible
to reduce the exploitation cost of the considered active cooling systems by limiting the
power that is consumed by the fans. For each of the analysed systems, the maximum value
of the rotational speed w of the fan was observed over which a decrease in the thermal
resistance was not observed. Limiting the value of w can reduce the considered cost.

The investigations, the results of which were presented in this study, should be
continued in two directions. Firstly, the parameters occurring in Equation (4) should be
described by the mechanical parameters of the considered cooling systems. Secondly, the
results that were obtained using the compact thermal model should be compared to the
results of computations that are performed using the finite element method.
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Nomenclature
a1, by coefficients of the function approximating the thermometric characteristic Tj(vgs)
ap, by coefficients of the function approximating the thermometric characteristic Tj(vg2)
aj weight coefficients related to thermal time constants Ty,;
I; drain current of transistor M;
iFn current supplying the fan
ip current supplying the heat-pump
N the number of thermal time constants
t time
o) power dissipated in transistor M;
Po Rinos Rint,
Bthw, Wo parameters describing the dependence Ry, (p,w)
Ry self-thermal resistance
Rinm transfer-thermal resistance
Ta ambient temperature
T; device internal temperature
Vpst drain-source voltage of transistor M;
vGs gate-source voltage of transistor M;
VE2 forward voltage of the body diode of transistor M,
VEn voltage supplying the fan
Vp voltage supplying the heat-pump
Zn () self-transient thermal impedance
Zim () transfer-transient thermal impedance
Tthi thermal time constants
w rotational speed of the fan
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