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Abstract: Electric motors and generators underpin life in today’s world. They are numerous and
widespread and consume approximately 45% of the world’s energy. Any improvements in efficiency
or reductions in their whole-of-life costs are actively and continually being sought. While designs
accommodate the removal of heat caused by internal losses because of inefficiencies, temperature
variations due to load changes and environmental temperature fluctuations, and system harmonic
content still stresses electrical insulation systems. This causes the fretting of insulation, combined with
moisture ingress, which leads to leakage currents and, consequently, the early failure of the electrical
insulation. This paper explores the addition of thermoelectric coolers/heaters (TECs) or Peltier effect
devices. We show that these solid-state devices can actively support the thermal management of a
motor by keeping its internals hot, reducing moisture ingress when off, and assisting in heat removal
when under load, resulting in a more thermally stable internal environment. A thermally stable
environment inside the electrical machine reduces the mechanical stresses on the electrical insulation,
resulting in a longer operational life and reducing the whole-of-life costs.

Keywords: electrical insulation; core temperature control; core cooling; core heating; thermoelectric
cooler

1. Introduction

Electric motors and generators are critical to modern life. They have been incorporated
into every aspect of our lives, and the need for this technology grows every year. Their
installations are found wherever humans have sent technology and are integrated into
almost every human settlement and vehicle. The power industry and the mining industry
continue to employ large electrical motors and generators. They are also becoming standard
equipment in large ships, submarines, and unmanned surface and underwater vessels,
with a focus on high reliability and long mission endurance.

Electrical motors have a reasonably high level of efficiency, varying from 78.8% for
small motors to over 92.4% for large motors due to their superior magnetic flux geometry [1].
However, any improvements in efficiency and reliability will benefit current end users and
new areas such as electric cars and electrical aircraft, including unmanned aerial vehicles.

Electrical machine efficiency losses comprise iron losses, copper losses, rotor losses,
stray losses, and friction and windage losses. These losses, which for a typical 15 kW motor
at full load, amount to 1 kW, are made up of 60 W friction and windage, 200 W core losses,
500 W stator losses, 180 W rotor losses, and 60 W stray losses. These losses are directly
converted to heat, and this heat affects the mechanical components, such as the bearing,
bracing and wedging systems [2,3], and, critically, the electrical insulation systems [4].
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In addition, motor operating environments are constantly changing from normal (sea-
sonal) climatic changes to extreme temperature changes due to operational environments,
as found in smelters and transportable packages such as compressor stations or cooling
modules, which tend to be used in quick-install and set-up situations and are normally
exposed to environmental conditions, including full sun.

Therefore, the heat generated in volume, which is naturally dispersed by surfaces,
is both a crucial design factor and a significant design limitation for electric motors [5].
As motors become larger, special solutions are needed to remove internal heat caused by
losses, such as using an internal heat exchanger, hydrogen environments, and water-cooled
windings [6]. For electrical machines that are predominantly online and loaded, such as
air-circulating fan systems, running temperatures are relatively stable; these machines
are not significantly affected by differential thermal expansion and contraction and have
relatively long operational lives. For motors that have operational start and stop routines,
such as pump pressurizing systems, thermal cycling is a regular part of the operating cycle,
and these machines suffer from mechanical fatigue and insulation failure due to mechanical
and thermal stresses.

1.1. Electrical Insulation

The electrical insulation in electrical motors and generators is especially vulnerable to
high temperatures and mechanical stress. High temperatures are the most prevalent cause
of insulation failure, which is a complete electrical breakdown of the insulation. Because
of the wide range of temperatures, operating conditions, and insulation costs, insulation
classes have been developed (Table 1) [7,8]. In the USA, the nominal winding class used is
class B, and to help provide a better temperature tolerance, a motor design requirement
will often specify class B materials with a class E temperature rise. In Europe and Australia,
the nominal insulation system is class F.

Table 1. Temperature rise limits for small- to medium-sized motors.

Insulation System Temperature Classification
Class A Class 105 105 °C 221 °F
Class E Class 120 120 °C 248 °F
Class B Class 130 130 °C 266 °F
Class F Class 155 155 °C 311 °F
Class H Class 180 180 °C 356 °F
Class N Class 200 200 °C 392 °F

Insulation temperatures that exceed class temperature affect insulation life. From
graphs published by ESSA [9] showing insulation class and expected life versus tempera-
ture, Equation (1) can be derived. The calculation of insulation life for class F’s maximum
temperature can be seen in Equation (2), and the calculation of the insulation life if the
temperature is raised 10 °C can be seen in Equation (3).

The expected insulation life in hours (Equation (1)) = antilog value of Y, where

Y =(—0.03717 x T) + C @D

and C =9.8021 for Class H, 9.1543 for Class F, 8.3549 fr Class B and 7.6005 for Class A.
For instance, for class F insulation at T = 105 °C,

Y =(—0.03717 x 105) + 9.8021 = 5.8993 and Antilog 5.8993 = 792,957.6622 h. (2)
and for class F insulation at T = 115 °C,

Y = (—0.03717 x 115) + 9.8021 = 5.52755 and Antilog 5.52755 = 336,938.0049 h.  (3)



Energies 2023, 16, 3844

30f16

The presence of temperatures 10 °C over class temperature reduces insulation life by
336,938.0049/792,957.6622 = 0.425 4)

This 10 °C over temperature can approximately half insulation life, as calculated in
Equation (4). A rule of thumb in industry [9] is that, for every 10 °C increase in tem-
perature, insulation life is halved.

The motor’s operating temperature is the combination of the remaining internal heat
plus the ambient temperature, as seen in Equation (5). The cooler the ambient temperature
(the nominal motor environment), the greater the heat extraction from the housing, and
therefore, the cooler the insulation.

Running temperature = Ambient + Temperature rise ®)

Lowering the ambient temperature for standard induction motors will significantly improve
motor running temperatures, but this approach is not suitable for large drives with wound
rotors, slip rings, brushes, and starting resistors. These machines require several factors
to be correct to allow a patina to develop between the brush and the slip ring, reducing
brush friction and contact resistance [8]. These factors include temperature, current density,
humidity, and brush composition. One of the key requirements is temperature. For correct
commutation, the slip rings need to be at approximately 100 °C, so cooling the whole
environment affects commutation, resulting in high brush and slip ring wear and very high
maintenance costs.

Another factor that causes electrical insulation failure is moisture absorption, and the
most common cause is internal condensation. Because of the mass of the core and windings,
there is a time lag between the motor temperature and the external daily temperature
changes. Depending on the difference between humidity and temperature, the dew point
can be reached, resulting in moisture condensing on the internal surfaces, contaminating
windings and affecting their insulation properties.

This can happen in any location, indoors or outdoors. Being outside with greater
exposure to the elements can significantly increase the problem. Because of the mass of a
motor, there is a temperature equalization lag, as daily temperatures tend to start cold and
warm up quickly.

1.2. Motor Heat Extraction Systems

As mentioned earlier, because of their inefficiencies, electrical motors generate internal
heat. This heat is generated in volume but is dissipated by surfaces. As motors become
larger, the ability to be rid of this heat via surfaces becomes increasingly difficult. As
pointed out by Walker [10], motor design is fundamentally a process of compromise, and
heat caused by losses becomes a major limitation.

A simple and effective cooling method is simply a ventilated or open-ended motor
with an internal fan blowing air through the machine [11]. Being open with exposed
windings has severe limitations, but this arrangement is low-cost and allows a small
frame size.

To provide better internal protection, the most common motor arrangement is a totally
enclosed motor, where heat dissipation occurs via simple conductive cooling. To improve
the basic conductive cooling arrangement, an external fan and cowling are employed to
blow air over the outer housing, improving the heat dissipation and allowing motors to
be smaller or have increased output (kW) with the same size machine frame [12]. This is
the most common type of motor and is designated as a totally enclosed fan-cooled (TEFC)
motor. The addition of ribbed outer housings will further improve a machine’s capability
in removing unwanted heat [13].

For large machines, conduction cooling systems become less effective, and heat ex-
changers are normally employed, enabling smaller motor frames to be employed; however,
manufacturing and service costs are greatly increased [11].
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Standard cooling systems for motors can be grouped as follows:

Conductive;

Conductive with external fans;

Conductive with internal and external fans;

Air heat exchangers (internal air to external air);

Water heat exchangers (internal air to water heat exchangers).

AN

1.3. Thermoelectric Coolers/Heaters (Peltier Devices)

Thermoelectric coolers/heaters (TECs) are constructed from a combination of N- and
P-type material between two plates, which are normally ceramic or, more recently, copper,
as shown in Figure 1.

TEC opened toview internal arrangement.
P Type material

Figure 1. TEC Layout and Internal arrangement.

These devices have two application configurations, as follows: (1) when a voltage
is applied across the TEC, a current flows through the TEC, causing one plate to become
hot and the other to become cold thus transporting heat from one plate to the other. This
is known as the Peltier effect. By reversing the power supply’s polarity, the heat can be
pumped in the opposite direction. (2) If a temperature difference is developed across the
TEC (such that one plate is hot and the other is cold), a voltage will develop across its
terminals, and this is known as the Seebeck effect. There are a variety of TECs on the market
that range in current and thermal capability; their associated costs reflect their capabilities
(Table 2).

Table 2. Example range of TECs and their capabilities.

Device with Hot Voltage Max Current QOmax Delta T Max TEC Resistance  Life Expectancy Price
Side Temp =50 °C  (Volts) Max (Amps) (Watts) °O (Ohm) (Hours)

TEC1-12705 16.2 53 49 75 2.75 200,000 A$3.17
TEC1-12706 16.4 6.4 57 75 2.3 200,000 A$3.21
TEC1-12708 17.5 8.4 79 75 1.8 200,000 A$4.94
TEC1-12710 17.4 10.5 96 75 1.24 200,000 A$4.73
TEC1-12712 15.5 12 185 62 1.0 200,000 A$5.95
TEC1-12715 15.4 15 137 70 0.75 200,000 A$6.08
TEC1-12730 17.8 30 282 79 0.31 200,000 A$49.00

TECs could originally be found in small portable eskies, with a switch enabling them
to keep food hot or cold. Today, they are found in drink fountains and car sets as heaters
and coolers. They have also been used in remote locations to charge batteries. TEC
modules have a small footprint (40 x 40 x 3 mm) and can easily be combined with various
heat transfer systems to improve performance. Because of their successful applications,
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they are slowly being tried in new applications and research. This has supported an
increase in available TEC current and thermal capacities (Table 2), and they can easily be
purchased online.

1.4. Scope and Contributions

All components of electrical motors are affected by temperature, and high temper-
atures directly impact insulation life. Thermal variations result in differing thermal ex-
pansions and contractions of the cores, insulation, and conductors, affecting the winding
insulation and the wedging and bracing systems. The need for the thermal management of
electrical motors is a result of their geometry and construction. Thermal management, the
ability to remove unwanted heat and maintain temperatures within insulation class limits,
is a major constraint for motor manufacturers. Thermal management is generally an ac-
tive/passive process, involving internal fan designs circulating internal air and conducting
generated heat to the motor housings, which have a variety of cooling system arrangements
from smooth outer circumferences to external ribs and fans for cooling. The larger the
machine, the more complex and costly the cooling systems, and the greater the cooling
system service costs. Each manufacturer has their own various cooling systems, and these
are designed to match the size of the motor. Manufacturers continue to look for ways to
compete in the market, and cooling arrangements and associated service requirements
continue to change as new systems are tried, implemented, and marketed.

In all cases, the cooling systems listed in Section 1.2 are passive systems and rely on
surface areas, air flow, and heat extraction in large motors to remove unwanted heat. The
possible introduction of thermoelectric coolers/heaters (TECs), which are comparatively
cheaper, adds an active control cooling element to the heat extraction system. As an active
system, they provide the ability to control how much assistance they can provide to the
cooling system to extract heat and also have the ability to pump heat into a machine, raising
temperatures, reducing thermal stress, and eliminating moisture issues. The possible
addition of TECs to assist in thermal control has not previously been researched, and here,
we explore the TEC’s ability to maintain a constant core temperature in an environment
with wide temperature variations.

This research investigates the application of TECs and their ability to stabilize winding
temperatures. The hypothesis for this research is that TECs can pump heat into and out
of a motor, minimizing the change in winding temperatures at various loads and external
conditions, helping to reduce thermal cycling stresses and eliminate condensation issues.

The remainder of the paper is as follows: Section 2 explains the methodology and
experimental setup. Section 3 explains the data collection process. Section 4 summarizes
the results from the experiments carried out. Section 5 discusses the obtained results, and
Section 6 concludes with the findings of the study.

2. Experimental Setup

In our previous studies, we explored the ability of TECs to heat a core and its windings
when a motor is de-energized [6,14], as well as their ability to remove heat when running at
full load [15,16]. Our methodology was to establish the performance capability of TECs to
add or extract heat from a core test sample by measuring temperatures at various locations.
The measurements focused on the slot position that holds the windings. Measurements
were taken using temperature differences (equating to losses) with various TEC currents
and setups to gauge application conditions; then, these systems were applied to a test
motor to examine TEC performance, as mapped out in Figure 2.

The thermoelectric cooler (Peltier module) chosen for this project is the TEC1-12706.
These units are inexpensive (A$3.21 per module) and have a 57 W heating/cooling (de-
pendent on current direction) capability at nominally 6 A (see Table 2). In this study, we
established a test configuration, as shown in Figure 3, and explored the capabilities of the
TEC to add heat and remove heat from a core in various environmental conditions and
thus provide thermal control. A temperature-controlled box, as shown in Figures 4 and 5,
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and a new test core sample, as shown in Figure 6, were constructed to investigate the TEC's
capability to assist cooling/heating at different environmental temperatures.

Tests 1
Testing Heat extraction

/ TEC's set up to

extract heat.

Tests 2
Testing Heat Addition

TEC's set up to
Pump heat into sample.

Group 1 Testing
Core Sample Test Piece
1 — Heating (Losses)

2- No heat (De-energised)

Group 2 testing
1-Test Motor - Full Load
2- Test Motor - Off

Figure 2. Research methodology.

Thermocouple Locations

Indicated by (@)
Room Temp (15) ;
Room Temp @ H
: 000
: Box
; Temperature
: TEC 2" Contraller
Hlnm:r Core
Sample _TEC1
Resistors | s Heater Supply

\-. T
By _Il_lllill_I - TPy
\1 I|‘I-I1|JII?'
T

Valts Amps
| d

TEC Supply

Data Collection

Temperature
Logger

Figure 3. System test configuration.
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Figure 5. Temperature recording setup.
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TECs with heatsink
mounted to core .
sample :

-Insulated Core
Samplé

Figure 6. Core test sample.

3. Data Collection
3.1. Heating Test

This set of tests aimed to measure the rate of the increase in temperature of the test
sample with different TEC currents in a 0 °C degree environment. The thermal control box
was set to 0 °C, and the core test sample was allowed to stabilize at 0 °C. The TEC current
was then increased in steps, and the sample core temperatures were recorded; see Table 3.

Table 3. Core sample temperatures with preset TEC currents.

Internal Temperature of Thermal Box Set to 0 °C

TEC Current 0A 02A 05A 1.0A 15A
Core sample temperature 0°C 5.0°C 164°C 553°C 1304 °C
Time to reach stable temperature - 28min  49min 84 min 110 min
Change in temperature during stabilization - 3.7°C 121°C  406°C 78.0°C

The heating time data can be seen in Table 3. The box temperature did increase slightly
with the high temperature (Figure 7), but the testing proved that the TEC will raise inner
core temperatures above the dew point in a 0 °C environment.
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TEC Heating Affect on Test Core with Environment Temperature set at

0°C
150
TEC Heating Current
&; 100 0.2A 0.5A 1.0A 15A —
: SN
a Y —
£
g 0
265 315 365 415 465 515 565
-50
Test Duration in Minutes
——Box Temperature ——Inner Core - Heaters Corel
Core 2 —~Core 3 —~Core 4

——Core 5 - TEC Hot Plate

Figure 7. TEC heating application.

3.2. Cooling Testing: 20 °C Environment Test

These tests measured the temperature reduction and the time to stabilization with a
fixed TEC current in an environment set at 20 °C. The heating resistors at the inner core
position were set with a 20 W load, simulating the losses generated in the winding. The
box temperature was set to 20 °C, and the core test sample was allowed to stabilize. This
resulted in an inner core temperature of 61 °C. The TEC current was then setto 1 A (1 A,
11.03 V, and 11.04 W), and the temperatures were allowed to stabilize, as seen below in
Figure 8. The final internal inner core position temperature was 44.6 °C. This resulted in a
16.4 °C drop in temperature at the inner core position.

TEC Cooling Affect on Test Core with Environment Temperature
set at 20°C
70

60

50

\ Box Temperature
40 Inner Core - heaters
Core 1

Core 2

20

Temperature °C

Core 3

Core 4

10 Core 5-TEC Cold Plate

0 20 40 60 80 100 120 140
Test Duration in Minutes

Figure 8. TEC cooling test in 20 °C environment.

3.3. Cooling Testing: 30 °C Environment Test

These tests measured the temperature reduction and the time to stabilization with a
fixed TEC current in an environment set at 30 °C. The heating resistors at the inner core
position were set with a 20 W load, simulating the losses generated in the winding. The
box temperature was set to 30 °C, and the core test sample was allowed to stabilize. This
resulted in an inner core temperature of 69.6 °C. The TEC current was then setto 1 A (1 A,
11.03 V, and 11.04 W), and the temperatures were allowed to stabilize, as seen below in
Figure 9. The final internal inner core position temperature was 51.3 °C. This resulted in a
17.7 °C drop in temperature at the inner core position.
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TEC Cooling Affect on Test Core with Environment Temperature
set at 30°C

80
70

60

50 Box Temperature

Inner Core - heaters

40 Core 1
30 M/\

20

Core 2

Temperature "C

Core 3

Core 4

Core 5 - TEC Cold Plate

10

0 20 40 60 80 100 120 140 160
Test Duration in Minutes

Figure 9. TEC cooling test in 30 °C environment.

3.4. Cooling Testing: 40 °C Environment Test

These tests were conducted to measure the temperature reduction and the time to
stabilization with a fixed TEC current in an environment set at 40 °C. The heating resistors
at the inner core position were set with a 20 W load, simulating the losses generated in the
winding. The box temperature was set to 40 °C, and the core test sample was allowed to
stabilize. This resulted in an inner core temperature of 77.9 °C. The TEC current was then
setto1 A (1A, 11.03V, and 11.04 W), and the temperatures were allowed to stabilize, as
seen below in Figure 10. The final internal inner core position temperature was 62.5 °C.
This resulted in a 15.4 °C drop in temperature at the inner core position.

TEC Cooling Affect on Test Core with Environment Temperature
set at 40°C

90
80
70 \
50

MM AAANAAAAANNANN o
40 Core 2

Core 3

Box Temperature

Inner Core - heaters

Temperature °C

Core 4
20

Core 5 - TEC Cold Plate

10

0 20 40 60 80 100 120
Test Duration in Minutes

Figure 10. TEC cooling test in 40 °C environment.

3.5. Cooling Testing: 50 °C Environment Test

These tests were conducted to measure the temperature reduction and the time to
stabilization with a fixed TEC current in an environment set at 50 °C. The heating resistors
at the inner core position were set with a 20 W load, simulating the losses generated in the
winding. The box temperature was set to 50 °C, and the core test sample was allowed to
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stabilize. This resulted in an inner core temperature of 88.6 °C. The TEC current was then
setto1 A (1A, 11.03V, and 11.04 W), and the temperatures were allowed to stabilize, as
shown below (Figure 11). The final internal inner core position temperature was 70.9 °C.
This resulted in a 17.7 °C drop in temperature at the inner core position.

TEC Cooling Affect on Test Core with Environment
Temperature set at 50°C
100
90

80

70 x Box Temperature
60 Inner Core - heaters

&
=
2
® 5o W“’\,——"‘*——*—-——— Core 1
g
£ 40 Core 2
2
30 Core 3

Core 4
20

Core 5 - TEC Cold Plate
10

0 20 40 60 80 100 120
Test Duration in Minutes

Figure 11. TEC cooling test in 50 °C environment.

3.6. Cooling Testing: 60 °C Environment Test

These tests were conducted to measure the temperature reduction and the time to
stabilization with a fixed TEC current in an environment set at 60 °C. The heating resistors
at the inner core position were set with a 20 W load, simulating the losses generated in the
winding. The box temperature was set to 60 °C, and the core test sample was allowed to
stabilize. This resulted in an inner core temperature of 98.5 °C. The TEC current was then
setto1 A (1A, 11.03V, and 11.04 W), and the temperatures were allowed to stabilize, as
seen below (Figure 12). The final internal inner core position temperature was 78.9 °C. This
resulted in a 19.6 °C drop in temperature at the inner core position.

TEC Cooling Affect on Test Core with Environment
Temperature set at 60°C
120

100

Box Temperature
80
Inner Core - heaters
60 Core 1

Core 2

Temperature °C

40

Core 3

20 Core 4

Core 5 - TEC Cold Plate

0 20 40 60 80 100 120
Test Duration in Minutes

Figure 12. TEC cooling test in 60 °C environment.

3.7. Cooling Testing: 70 °C Environment Test

These tests were conducted to measure the temperature reduction and the time to
stabilization with a fixed TEC current in an environment set at 70 °C. The heating resistors
at the inner core position were set with a 20 W load, simulating the losses generated in the
winding. The box temperature was set to 70 °C, and the core test sample was allowed to
stabilize. This resulted in an inner core temperature of 107.9 °C. The TEC current was then
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setat1 A (1 A, 11.03V, and 11.04 W), and the temperatures were allowed to stabilize, as
seen below (Figure 13). The final internal inner core position temperature was 89.4 °C. This
resulted in an 18.5 °C drop in temperature at the inner core position.

TEC Cooling Affect on Test Core with Environment
Temperature set at 70°C

Box Temperature

Inner Core - heaters
60 Core 1

Core 2

Temperture “C

40

Core 3

Core 4
20

Core 5 - TEC Cold Plate

0 20 40 60 80 100
Test Duration in Minutes

Figure 13. TEC cooling test in 70 °C environment.

4. Analysis
4.1. TEC Heating

The test results show that in a 0 °C environment, when unpowered (equivalent to a
motor that has been de-energised), TECs can effectively pump heat into a core, raising the
core and windings to temperatures greater than 78 °C, thus enabling temperatures to be
kept well above dew point conditions.

The heating time gradient was plotted from data in Table 3 and can be seen in Figure 14.
Because of the mass of the core and windings, there is a thermal lag in the heating process.

Heating Time Gradient
100

80
60
40

20

Temperature Change C°

o

0 20 40 60 80 100 120
Heating Time - Minutes

Figure 14. Heating time gradient.

4.2. TEC Cooling

The results show that increasing the environment temperature increases the motor
winding temperature, which is expected. The TEC cooling effect is linear and independent
of external temperatures across a wide range of temperatures, as shown in Figure 15. Our
tests have shown that the TEC will work up to 70 °C.
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TEC Cool Performance Results
120
100
80
60
40

20

Inner Core Temperature °C

0 10 20 30 40 50 60 70 80
External Air Temperature °C

Inner Core Temp Without TEC Inner Core Temp With TEC

Figure 15. TEC cooling results.

Motors are designed with a maximum environmental temperature of 40 °C, but in
many countries, maximum temperatures can exceed this temperature. In Melbourne,
Australia, this temperature is exceeded only a few days a year in the summer, but in Mt. Isa,
Australia, temperatures can exceed 45 °C for multiple days in the summer. Motors installed
in package installations, such as air compressor stations and large freezer works, can be
enclosed, and high environmental temperatures, sometimes combined with solar radiation,
can have a large impact on motor temperatures. In these conditions, maximum insulation
temperatures are often exceeded, impacting motor working life and whole-of-life costs.
In some cases where motors initiate alarms when specified temperatures are exceeded,
operations reduce loads or take the plant out of service, affecting production targets.

TECs assembled into a simple heat extraction system could provide the ability to assist
cooling when extreme environmental temperatures are being experienced. By lowering
motor winding temperatures, electrical insulation systems can be kept below insulation
class limits when external temperatures exceed 40 °C. With TEC-assisted cooling, it is
possible to maintain production and reduce the over-temperature effect to insulation
systems. This system is simple to construct as an add-on and does not impact the original
cooling design.

4.3. TEC Temperature Control

In principle, the ability of the TEC to add heat and extract heat enables the TEC to
control motor temperatures over a wide range of conditions caused by load variations and
varying climatic conditions.

In this experiment, the internal losses were set at 20 W by resistive heating, and the
TEC current was adjusted to keep the inner core temperature stable at 70.9 °C. The inner
core temperature was measured, initially, with an environmental temperature of 30 °C, a
typical mid-range temperature for motors. By maintaining a constant temperature, winding
temperature stresses in the winding insulation system are greatly reduced.

The test equipment and test sample were set up, with the external temperature set at
5 °C intervals and the TEC current adjusted to maintain 70.9 °C at the winding location.
Once temperatures were stable, the TEC current was recorded and can be seen plotted in
Figure 16 with 5% error bars.
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TEC Current to Maintain Constant 70.9°C Inner
Core Temperature

1.2

0.8
0.6
0.4
0.2

TEC Current A

-0.2

-0.4
Environmental Temperature °C

Figure 16. TEC temperature control by varying TEC current.

The TEC could easily maintain the 70.9 °C inner core temperatures over a consider-
able range of temperatures of the environment. This temperature control achieves two
goals. Firstly, it keeps internal temperatures well above dew point values, eliminating
condensation issues. Secondly with the winding being held at a constant temperature, the
magnitude of thermal cycling, AT, is greatly reduced or eliminated.

The testing has shown that if TEC thermal control units are installed with a motor,
the thermal control will significantly reduce normal thermal stresses and moisture ingress,
leading to a more reliable motor.

5. Discussion

The arrangement of the TEC enables the direction of the heat flow to be reversed by
simply changing the supply polarity to the TEC. This enabled heat to be pumped into or
out of our core test sample.

Because of the mass of our core sample, there is a temperature equalization lag as
external temperatures vary from cold to hot. Lag in temperature equalization becomes
longer with heavier, full-sized electrical machinery.

Depending on humidity and internal and external temperature differences, the dew
point can easily be achieved, causing condensation inside a motor, wetting surfaces and
causing the uptake of moisture by the electrical winding insulation, leading to insulation
failure. Pumping heat into a motor raises internal temperatures, keeping the motor internals
above the dew point, stopping internal condensation, and reducing moisture absorption by
the electrical insulation.

Additionally, keeping motors hot reduces the temperature difference between a full
load and low loads, which reduces the AT thermal cycling stresses and reduces mechanical
stresses on the insulation, wedging, and bracing systems.

From our earlier work [6,15,16] on our core sample and test motor, the effects of
variations in pumping heat were relatively linear between the core sample and the test
motor. The application of the TECs to the test segment was able to reduce winding location
temperatures by 25 °C with just 8 W into the TECs. These results are consistent with the
results on the test motor with only 57% coverage by TECs, in which we could reduce slot
location temperatures by 8.1 °C with 35 W input to the TECs. The relative area above
the core covered by the TECs is important, as areas not covered by the TECs add this
extra load to the TECs. This is due to the uncovered areas not being able to remove as
much heat per unit area. As our test core is approximately 1/10 the volume of our test
motor, if we assemble 10 core sections, equating to our test motor without the losses from
uncovered surfaces and extrapolating, this would provide on the order of a 25 °C reduction
in temperature for 80 W input to the TECs. This equates to a power budget to run the
TECs on the order of 15% of the power output of the motor to lower the slot winding
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location temperature by 25 °C for this motor. We believe that this power budget will
linearly transpose to differently sized motors of similar construction.

Our system is not intended to replace existing systems but to increase the efficiency
of the standard cooling systems. TECs have only a small volume, and their addition to a
cooling arrangement is minimal. However, what is novel is that they can pump heat in both
directions by simply reversing the TEC supply’s polarity, thus enabling internal tempera-
tures to be maintained, reducing thermal stresses, and eliminating condensation issues.

This work has demonstrated that TECs can add heat or remove heat from a test
section of an electric motor or generator in varying ambient conditions. This supports the
conjecture that TECs are capable of maintaining a motor core at a selected temperature
in varying or even extreme ambient conditions. In application to motors and generators,
one would need to take into consideration motor size, its operating characteristics, and
the external ambient conditions to design a system to maintain a desired core temperature.
This approach could also be used to reduce thermal stress for a desired thermal operating
range that is wider than a single set point.

This study supports the hypothesis that the application of TECs allows the constant
control of a high temperature that reduces damage from varying thermal stresses and
eliminates internal condensation by maintaining safe internal temperatures.

6. Conclusions

Traditional methods of extracting heat caused by internal losses involve systems
such as ribs to increase surface area and fans to extract heat from surfaces. In this paper,
TECs were utilized to pump heat in and out of a core sample setup to represent a motor
core and winding. This work has shown that embedded TECs can be used for active
thermal control, stabilizing winding location temperatures in an environment with varying
ambient temperatures. Active thermal control is beneficial because it can keep a constant
temperature on the inner core winding area, eliminating thermal stresses on the electrical
insulation, thus greatly increasing winding life. These results also indicate the possibility
to maintain the temperature of the windings above the dew point so as to prevent internal
condensation and electrical winding insulation from absorbing moisture.

We have extrapolated a power budget to run the TECs on the order of 15% of the
power output of a 550 W motor (our original test motor) to lower the slot-winding location
temperature by 25 °C. Even if these figures may seem high, they can ensure that mission-
critical use is possible even in extreme conditions (such as a heat wave that would trip
normal protections in electrical machines).

Our future work will consider means of precision control of motor core temperatures
using TECs and will use an environmental chamber with a TEC-equipped motor core to
explore the control of phenomena at the dew point.
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