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Abstract 

The power density of electric machines is a critical factor in various 

applications, i.e. like the power train. A major factor to improve the 

power density is boosting the electric current density, which increases 

the losses in the limited volume of the electric machine. This results 

in a need for an optimized thermal design and efficient cooling. The 

dissipation of heat can be achieved in a multitude of ways, ranging 

from air cooling to highly integrated cooling solutions. In this paper, 

this variety is shown and analyzed with a focus on water cooling. 

Further various structures in electric machines are presented. 

A planar testbench is built to systematically analyze water cooling 

geometries. The focus lies in providing different power loss 

distributions along cooling channels, accurate temperature readings in 

a multitude of locations, as well as the pressure drop across the 

channel. The test bench results are aligned with simulations and 

simplified analytical evaluation to support the development process. 

The main goal in this paper is to determine temperature gradients in 

the material close to the stator to quantize the potential for future 

cooling jacket designs. One question ,to answer is: How large the 

gradient is considering a realistic power loss distribution. Another 

sensible point are the different thermal expansions of aluminum used 

in cooling jackets and the steel core of the stator. This can be 

bypassed by using a steel cooling jacket. In this case, the 

performance of a steel cooling jacket compared to an aluminum 

version is investigated and also if light weight construction can 

compensate the lower thermal conductivity of steel. 

After the analysis, an outlook about future changes of the 

measurement methods are given and first potentials for future cooling 

jackets are proposed. 

Introduction 

In vehicles, a key factor for successful electrification is to achieve a 

small electric machine size. In mobile machinery, electric machines 

are competing with high power density hydraulic systems [1, 2]. In 

the state of the art propulsion systems in general [3] and also in 

railway applications [4] a high power density is aimed for. For once 

the size determines the space needed for a drive but also influences 

dynamic properties through inertia. 

Power Density of Electric Machines 

Usually for a first construction space analysis Equation (1) can be 

used to calculate the length of the iron core 𝑙𝑓𝑒  and the air gap 

diameter 𝑑𝑎𝑖𝑟 using the torque demand 𝑇 and either the rotary thrust 

𝜎 in 
𝑘𝑁

𝑚2
 or the utilization number 𝐶 in 

𝑘𝑊⋅𝑚𝑖𝑛−1  

m3
. Values for these 

vary widely depending on the resulting size and highly on the cooling 

system as can be seen in [5]. 

𝑇 =
𝜋

2
⋅ 𝜎 ⋅ 𝑑𝑎𝑖𝑟

2 ⋅ 𝑙𝐹𝑒 =
1

2𝜋
⋅ 𝐶 ⋅ 𝑑𝑎𝑖𝑟

2 ⋅ 𝑙𝐹𝑒 

                                                                                                           (1) 

Equation (2) describes the rotary thrust underlining the importance of 

the cooling system. It depends on the maximum magnetic flux 𝐵, 

which is a material dependent constant and the current density 𝐴 

which is mainly thermally limited. The current density also depends 

linearly on the stator diameter. As can be seen, cooling is a main 

influencing factor for increasing the power density and thus one of 

the key factors to improve the build volume and performance of 

electric machines. 
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𝜎 =
𝑧𝑐 ⋅ 𝐼𝑐

𝜋 ⋅ 𝑑𝑎𝑖𝑟
⋅ 𝐵 = 𝐴 ⋅ 𝐵 

                                                                                                           (2) 

Another way to increase the power density of an electric motor is to 

reduce the output torque and increase the maximum speed with the 

consequence of additionally needed transmission [5, 6]. 

Power Losses and Temperature Distribution in Electric 

Machines 

Based on a first design, a more detailed analysis which, carries out 

calculations of the electromagnetic behavior, can be done. From these 

results, various sets of details can be extracted, i.e. the developed 

torque but also resulting losses at different operating points and their 

distribution within the electric motor. 

The losses 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 can be split in mechanical losses 𝑃𝑚𝑒𝑐ℎ  , losses in 

the stator 𝑃𝑠𝑡, and rotor losses 𝑃𝑟𝑜, see Equation (3). The mechanical 

losses can be divided into air friction losses and bearing losses, which 

are mainly located at the end faces. 𝑃𝑠𝑡 can be broken down in the 

losses, in the winding 𝑃𝑠𝑡,𝑐𝑢 and iron losses 𝑃𝑠𝑡,𝑓𝑒  induced in the 

stator core. Up to 20 % of the winding losses are in the winding 

heads, which are also located at the end faces [7]. The rotor losses are 

the sum of the rotor iron losses 𝑃𝑟𝑜,𝑓𝑒  and either losses in the rotor 

winding 𝑃𝑟𝑜,𝑐𝑢 or losses in the magnets 𝑃𝑟𝑜,𝑚𝑎𝑔 depending on 

machine technology.  

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑃𝑚𝑒𝑐ℎ + 𝑃𝑠𝑡 + 𝑃𝑟𝑜

= 𝑃𝑚𝑒𝑐ℎ + 𝑃𝑠𝑡,𝐶𝑢 + 𝑃𝑠𝑡,𝑓𝑒 + ⋯ + 𝑃𝑟𝑜,𝑓𝑒

+ 𝑃𝑟𝑜,𝑚𝑎𝑔/𝑐𝑢 

                                                                                                           (3) 

The distributed power losses in the stator along the electric motor 

create hotspots as presented in [8] and pictured in Figure 1 a). The 

temperature of the stator winding is significantly higher in the end 

winding due to high partial losses in this area. This is due to missing 

metal to metal contacts for good thermal conductivity and many 

conductors located in the end faces due to the interconnecting 

function of the end windings [3]. High power density applications 

either use water, some sort of oil or sometimes both fluids as 

coolant [9]. A simple design for water cooling is a circumferential 

system with a cooling jacket containing channels for the coolant. 

The temperature distribution depicted in Figure 1 hotspots in the area 

of the end winding. A common cooling jacket design is shown in 

Figure 1 b) where the fluid flows along a spiral path around the stator 

core. At the inlet, the water is relatively cool with temperature 𝑇𝑙𝑜𝑤 

and heats up continuously until it exits at the outlet with a higher 

temperature 𝑇ℎ𝑖𝑔ℎ. 

 
Figure 1: Flow concepts of cooling jackets 
a) Loss distribution along the stator axis b) Conventional spiral 

As the number of applications for electric machines rises cooling 

jacket designs, are developed and thoroughly looked into (i.e. [7]). In 

Figure 2 a) the meandering follows a circumferential path whereas in 

Figure 2 b) the axial direction is used. These concepts are often used 

due to better manufacturability. The possibility of splitting the 

coolant flow to each side of the stator jacket is sometimes also used 

to reduce temperature differences. In [10] the axial meander is 

examined. The resulting concept c) with two coolant inlets at the 

outer side of the jacket and one outlet in the middle works best from 

their investigated configurations. The design is able to reduce the 

temperature in the area of the end windings by up to 15 K, compared 

to the initial concept, and also reduces the axial temperature gradient. 

This means that the temperature at both end faces is on the same 

level. This is beneficial, because the insulation on the conductors 

limits the maximal current according to the insulation classes from 

IEC 34-1. If now both end faces reach that limit at the same time, the 

power density of the machine can be significantly increased. 

 
Figure 2 Flow concepts for cooling jackets 
a) Circumferential meander b) Axial meander c) Distributed spiral 

State of the Art Cooling Systems 

A vast amount of different cooling systems are already used or are 

being developed. [9] and [11] give an overview and some 

evaluations. In the following paragraphs, the promising and common 

concepts are presented to give an outline on possible solutions. 

Aims of the ongoing research are to optimize existing structures as 

i.e. the meander from Figure 2 b) where in the small radii of the 

rerouting high pressure losses occur. This is tackled in  [12] where 

the geometry of the cooling channel is modified in a way that the 

flow velocity is always constant and the pressure drop is decreased. 

In [13] wing profiles similar to NACA profiles are presented, see also 

Figure 3 a). A similar approach is used in the VW e-Up and e-Golf in 

a die casting motor housing which is shown in Figure 3 b) [14, 15].  
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Figure 3 Structures in cooling jackets 
 a) NACA profiles[13] b) Oval profiles in a die casting motor housing[15] 

An alternative is a highly integrated cooling concept, where oil is 

pumped through hollow conductors using high-pressure pumps [16]. 

Other concepts integrate the cooling system in the stator slots in 

between the conductors [17] or use heat pipes [18]. All those 

concepts apply major changes to the electric motor system, which 

require additional integration effort. High pressure losses can also 

cause larger parasitic power losses or may cause constipations in the 

cooling system. 

Possibilities by modification of local structures to increase cooling 

performance using vortex generators are looked into in [19] in 

general and in [20] especially for electric motors. 

Further research on cooling structures is also done in the field of 

power electronics. In these applications the power losses occur very 

concentrated in a chip. For that reason microchannels and pin fins 

[21] are a viable option. 

Evaluation of Cooling Structures 

As shown in the previous chapter, many different approaches have 

been investigated to improve the cooling performance of electric 

machines. Mayor boosts in overall performance, can be achieved by 

various concepts with most of them focusing on the cooling system in 

a global way. 

One focus of this paper lies in keeping the changes to the electric 

machine itself low and to optimize the concept of the cooling jackets 

to improve cooling performance. Therefor a way to assess the 

problem of temperature gradients is investigated. Knowing the 

temperature gradient can be used to optimize future cooling 

structures and their distribution to minimize the gradient. This results 

in a better thermal utilization and thus a higher power density. 

Another interesting issue is the pairing of aluminum cooling jackets 

and the sheet metal package of the stator. Both having different 

thermal expansion factors results in mechanical stress. For proper 

press fittings, in a wide temperature range, a huge overlap is 

necessary. This can be bypassed by using a steel cooling jacket. 

Furthermore in next steps it is planed to create special cooling 

structures using additive manufacturing using steel as source 

material. For this reason it is interesting how a steel cooling jacket 

performs compared to an aluminum version. Because steel has worse 

thermal conductivity than aluminum compensating but better 

mechanical properties light weight construction can be used to 

compensate this factor. 

For these investigations, a test bench is designed, set up and 

measurements using different metal materials and different loss 

distributions are performed. The measurements are then interpreted 

and further on next steps are sketched out.  

Test Bench for Systematic Evaluation of Cooling 

Structures 

Problem Reduction and Requirements 

To understand the problem of thermal gradient, adding cooling 

structures and optimizing the distribution of the structures systematic 

research has to be carried out. For this, a testbench is set up. The 

testbench is designed so that it closely resembles effects occurring in 

the cooling of electric machines. This results in multiple 

requirements: 

1. An analytical description for the evaluation of the basic 

setup needs to be available 

2. Imprinting a power loss profile along the cooling channel to 

simulate the power loss distribution along the channel is 

possible 

3. Simple switching of the test objects needs to be possible 

4. Measurements, close to the power loss surface, have to be 

possible 

Regarding the first requirement, the design has to be kept simple, to 

be able to find analytical descriptions and to be able to systematically 

assess different structures. This would not be possible, when directly 

using cooling jackets as shown in Figure 1 and Figure 2. Multiple 

effects occur in these structures, like different coolant paths along 

loss profiles or a distributed inlet structure. For that reason, it was 

decided to create a planar test bench as it is presented in Figure 4. 

The device under test (DUT) is mounted in the middle on top of a 

segmented heating plate containing multiple heating cartridges which 

fulfill requirement number two. Exchanging DUTs can be done with 

relatively low effort, because of the modular design of the testbench. 

The DUT is mounted to the heat plate for good thermal contact and 

the symmetric in- and outlet containing sensors for coolant 

measurements can be easily detached. 

To fulfil the last requirement, PT100 sensors with a diameter of 

1 mm are mounted in the bottom wall of the DUTs at all point of 

interest. In general there are seven sensors in the middle of the 

channel directly above the heating cartridges. For further details, i.e. 

heat distribution across the channel width, additional sensor are 

added. 

For the geometric parameters of the test bench an electric motor with 

water cooling and known parameters from project partner Fischer 

Elektromotoren GmbH was chosen. The total power of the heating 

cartridges is defined according to the power losses 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 with a 

maximum peak of 2167 W occurring in the motor. The contact area 

𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 between the DUT and the heating plate is set to 257.6 cm² 

which correlates to the outer surface of the stator core. The point for 

peak performance and S1-operating point as well as the resulting 

power losses can be seen in Table 1. 

For design reliability a power loss of 700 W is assumed in testing for 

the S1 operating point and 1400 W for an S6 artificial cycle. 
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Table 1 Motor data TI085-052-070-04B7S-07S04BE2 
with kind courtesy of Fischer Elektromotoren GmbH 

Operating 

point 

Torque 

Nm 

Speed 

min-1 

Mechanical 

Power 

kW 

Winding 

losses 

W 

Power 

losses 

W 

Nominal – 

S1 
11.1 13250 15.4 254 617 

Peak 29.1 11600 35.3 1843 2167 

 

 
Figure 4 Test bench setup 

Measurement Setup and Sensor Specification 

The measurement system consists of a combination of self-developed 

hardware and a Raspberry Pi 4. The hardware is designed with 

dedicated channels measuring the resistance of the PT100 resistance 

temperature detectors (RTD) with a resolution of 0.03125 K and the 

ability to use 2, 3 and 4-wire measurement. In this setup, the 4-wire 

measurement is chosen with PT100 sensors of class A with a 

deviation of ±0,15 K according to IEC 751 [22]. The coolant 

temperature is measured with three sensors at the inlet and three 

sensors at the outlet with an accuracy of ±0.3 𝐾. Pressure drop is 

acquired with two absolute pressure sensors with an accuracy of 0.1 

%. The mounting positions are marked in Figure 5. 

When looking at the cross section of the test bench, one can see that 

the coolant is entering from the left where the inlet sensors are 

mounted. The coolant then enters the DUT which has a contact area 

to the heating plate in the bottom. The coolant exits to the right where 

the outlet sensors are mounted. 

The measurement of the equivalent stator – cooling jacket interface is 

performed with the PT100 sensors. The sensor elements are 

positioned in holes created by wire discharge machining (EDM). This 

allows measurement in the wall, with 5 mm thickness, close to the 

contact area (orange line, Figure 5), inbetween the cooling channel 

and the segmented heating plate. 

The channel in the reference DUT has a thin gap geometry which is 

𝑤 = 90 𝑚𝑚 wide and 𝑠 = 4.5 𝑚𝑚 high, staying close to the cooling 

geometry of the reference motor. For investigations of the basic 

effects no structures are embedded in this channel.  

 
Figure 5 Cross section of the designed test bench 

The heating plate is designed to contain seven heating cartridges 

which are embedded in separate segments. Those segments are 

divided by slots. A quite sharp power loss distribution can be 

imprinted in this way and the thermal capacity is as low as possible. 

Each segment allows up to 310 W of losses which can be controlled 

by a 24 Volt-PWM. The desired and resulting current and thus the 

power for a set of duty cycles is presented in Table 2. The accuracy 

of the set power is 3 % for 6.2 W power settings and 2 % at 310 W. 

Table 2 Verification of 24 V heating cartridge power  

Duty Cycle 
2% 

6.2 W 

20% 

62 W 

50% 

155 W 

80% 

248 W 

100% 

310 W 

Current - Idesired in A 0.258 2.583 6.458 10.333 12.917 

Current - IImeassured in A 0.250 2.540 6.330 10.180 12.700 

Deviation 3 % 2 % 2 % 1 % 2 % 

 

The temperature sensors are calibrated to 0 °C using ice water and a 

calibration duration of 100 s with a sampling rate of 1 s. After 

calibration, the sensors are mounted in the DUT. With no induced 

losses the standard deviation 𝜎 of all sensors is 0.0336 K. 

Both pressure sensors, inlet and outlet, were calibrated to the same 

ambient pressure to increase the reliability in differential pressure 

calculation. 

Verification Using Analytical Approaches 

To be able to rely on measurements as reference geometry, the so 

called thin gap is chosen. For this geometry both, analytical 

descriptions for pressure drop and thermal behavior are available. 

Analytic Calculation of Pressure Drop 

There are various descriptions to calculate the pressure drop for a thin 

gap. The approach from [23] is used for this chapter. 

The Reynolds number can be calculated using Equation (4), where 𝜌 

is the density of the coolant in 𝑘𝑔/𝑚³, 𝑢 is the mean coolant speed in 

𝑚/𝑠, 𝐷𝐻 is the hydraulic diameter in 𝑚 and 𝜈𝑐𝑜𝑜𝑙𝑎𝑛𝑡 is the kinematic 

viscosity in 𝑚2/𝑠.  
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𝑅𝑒 =
𝜌 ⋅ 𝑢 ⋅ 𝐷𝐻

𝜈
 

                                                                                                           (4) 

In the case of a parallel plate duct the hydraulic diameter 𝐷𝐻 can be 

set to 𝐷𝐻 =  2 ⋅ 𝑠 where 𝑠 is the height of the channel, here 𝑠 =
4.5 𝑚𝑚. With 5 l/min the resulting Reynolds number 𝑅𝑒 is in the 

range of 1830, which is by definition in the laminar region, but due to 

the inlet flow structure it might also be turbulent. The Darcy friction 

factor for turbulent flow 𝑓𝑡 can be calculated iteratively and the 

laminar frictrion factor 𝑓𝑙 using Equation (5). For turbulent flow 

additionally the surface roughness 𝜖 is needed. 

1

√𝑓𝑡

= −2 ⋅ log10 [
𝜖

3.7 ⋅ 𝐷𝐻
+

2.51

𝑅𝑒 ⋅ √𝑓𝑡

] ,  𝑓𝑙 =
64

𝑅𝑒
 

                                                                                                           (5) 

Resulting from this friction factor, the coefficient of resistance 

𝜁𝑐ℎ𝑎𝑛𝑛𝑒𝑙 can be calculated using the Darcy factor according to 

Equation (6). 

𝜁𝑐ℎ𝑎𝑛𝑛𝑒𝑙 =
𝑙

𝐷𝐻
⋅ 𝑓𝑡 

                                                                                                           (6) 

Finally the pressure drop Δ𝑝 can be calculated using Equation (7), 

using the coolant density 𝜌𝑐𝑜𝑜𝑙𝑎𝑛𝑡 and the average fluid velocity 

𝑢𝑐𝑜𝑜𝑙𝑎𝑛𝑡. 

Δ𝑝 =
1

2
⋅ 𝜌𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ⋅ 𝜁𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ⋅ 𝑢𝑐𝑜𝑜𝑙𝑎𝑛𝑡

2  

                                                                                                           (7) 

Plausibility Check Using the Law of Conservation of Power 

For checking the plausibility of measurements Equation (8), can be 

used. �̇� is the mass flow rate in 𝑘𝑔/𝑠, 𝑐𝑝 is the heat capacity of the 

coolant in 𝑘𝐽/(𝑘𝑔 ⋅ 𝐾) , and Δ𝑇 is the temperature difference 

between coolant inlet and outlet temperature in K. 

Taking this into account and using the coolant inlet and outlet 

temperature sensors on the test bench each measurement can be 

evaluated for plausibility. 

This can only be done in a stationary state due to the thermal 

capacities in the system. Important for this measurement is that no 

energy is dissipated through convection or radiation. For this reason 

the test bench is insulated using high temperature insulation material. 

𝑃 = �̇� ⋅ 𝑐𝑝 ⋅ Δ𝑇 

                                                                                                           (8) 

Results 

Using the previously described test bench a first set of measurements 

is performed. For this test series two DUTs with same channel 

geometry but different materials are studied. The first DUT is 

manufactured using aluminum 7075. The outer geometry being CNC 

milled and the channel geometry cut using wire EDM. The second 

DUT is made from stainless steel using additive manufacturing (AM) 

without any further post processing of the channel.  

In the first test constant losses are induced in each segment to 

simulate an even power loss distribution and to compare the 

aluminum DUT to the steel DUT. 

In a second test the influence of distributed power losses is 

investigated, with the DUT made from aluminum 7075. 

Verification of the Measurements 

After each measurement, the plausibility checks are done first. For 

this the previously mentioned check of the resulting pressure drop is 

performed. For a flow rate of 5 l/min, a drop of 30 Pa is expected. 

The measured pressure drop for the steel DUT at 5 l/min is 30 Pa, 

which matches the previous calculations. 

For verifying the power flow, the measurements are veryfied using 

Equation (8). Here the measurement results in an average temperature 

difference of 1.3 K, with a coolant flow rate of 5 l/min and set power 

losses of 700 W, instead of the expected 2 K from the calculation. 

Applying Eqation (8) this is equivalent to 450 W power losses. 

Whereas for losses of 1400 W a Δ𝑇 of 2.6 K is measured being 

equivalent to 900 W. 

This effect stems from layering of the coolant, as depicted in Figure 6 

in a qualitative way. At the bottom, the coolant is hotter (red) than in 

the area of measurement where the coolant is cooler (green). For a 

correct verification, the mixing temperature across the whole channel 

is needed. This effect will be further looked into and ways for proper 

measurement going to be evaluated. 

 

Figure 6 Qualitative temperature cross section of the channel with layering 

Influence of Material on Absolute Temperature Levels 

The mechanical and thermal properties for both materials can be 

found in the Appendix - Table 3. 

The DUTs are mounted on the heating plate and a linear loss profile 

is induced, with each heating cartridge set to 100 W summing up to 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 7 x 100 W =  700 W, representing the S1-operating point 

of the reference motor. The measurements are performed at 5 l/min in 

a thermal stationary state where the temperatures are at an 

equilibrium. 

In Figure 7, the temperature for the aluminum DUT is shown in blue. 

As can be seen for the dotted line, representing 7 x 100 W, the 

temperature difference Δ𝑇 from inlet to outlet is 10 K. With the 

losses set to 7 x 200 W, the Δ𝑇 rises up to 18 K. 

When performing the same measurements for the stainless steel 
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DUT, a Δ𝑇 of 18 K can be observed for 7x100 W and for 7x200 W 

the difference is even 25 K. 

When comparing the highest temperatures of the steel DUT to the 

aluminum DUT, a difference of 9.5 K in the 7x100 W scenario and 

17 K in the 7x200 W scenario can be observed. 

 
Figure 7 Temperature profile using different materials at 5 l/min. 

Influence of Distributed Losses 

In the following test, the diffent temperature distribution is 

investigated, using the aluminum 7075 DUT. For this the heating 

cartridges at the beginning and at the end (cartridge 1 and 7, Figure 5) 

are set to a different power level than the ones in the middle. As basis 

for this, a loss distribution of up to 20 % end winding losses, as stated 

in [7], is assumed. Resulting in a heating power of 150 W for the first 

and last cartridge. For the measurement to be comparable to the linear 

distribution a total loss of 700 W is aspired. This results in 80 W for 

the other five cartridges resulting with a total power loss of 1x150 W 

+ 5x80 W + 1x150 W = 700 W. The result of the measurement can 

be seen in Figure 8, where the blue dotted profile is showing the 

temperatures in the segments for a linear power loss profile and the 

red line for the distributed power loss profile. 

 

 
Figure 8 Temperature profile in aluminum DUT- linear vs. distributed losses 
at 5 l/min. 

As can be seen in Figure 8, the mayor changes in the temperature 

distribution is in the first and last segment. Compared to the linear 

distribution, the temperature at the inlet is increased by 4 K and at the 

outlet by 5 K. The maximum temperature difference Δ𝑇, which is 

now present between segments 2 and 7 and not 1 to 7, is increased 

from 10 K to 13 K. 

Discussion 

When looking at the previously presented results, a few conclusions 

can be made and further research topics can be distinguished. 

When comparing DUTs made from different materials, the steel 

version is less effective with an unmodified geometry. The reason for 

thi is mainly due to the higher thermal capacity and lower thermal 

conductivity of the steel. Further engineering design changes can be 

potentially implemented to use the higher tensile and ductile strength 

of steel in comparison to aluminum to drastically reduce wall 

thickness. With much thinner walls the lower thermal conductivity 

for steel can be compensated. There is also the possibility to design a 

smaller electric motor than with the use of aluminum. This will lead 

to a higher volumetric power density. Another benefit of a steel 

cooling jacket is as that the active stator material is iron based and 

thus the thermal expansion of both components are more aligned. 

As can be seen from both experiments, there is a significant 

temperature gradient present as well as hotspots. Reducing the 

hotspots can help in various ways: 

• Power derating of the electric machines due to high 

temperatures at hotspots can be delayed, resulting in a better 

thermal utilization of the whole electric motor. 

• There is the possibility to use cheaper insulating materials or 

magnets, when i.e. a reduction of 13 K at hotspots is possible, as 

shown in the previous chapter 

• Reduction of the overall build volume and increase of 

volumetric power density. 

• Higher continuous power output, if the volume is held constant. 
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Conclusions 

In this paper, the necessity of cooling for high power density drives is 

presented, as well as various state of the art cooling systems in 

electric motors and power electronics. 

The measurements show, that a noteworthy temperature gradient is 

present along cooling channels when the cooling system is based on a 

global and thus constant channel geometry. This is even more 

amplified by distributed power losses presented in this paper. 

Based on this, it is shown that there a need for systematic evaluation 

of zonal optimized cooling structures to improve thermal machine 

design. 

The next steps to increase the reliability of the statements are: 

• Measurement of thermal properties of materials with finite bars. 

• Implementation of a pinhole for a defined pressure drop before 

and after the cooling channel to homogenize the flow and mix 

the coolant for proper averaged coolant temperature. 

• Optimization of measurement procedures to increase accuracy, 

especially for fluid temperature. 

• Investigation of pressure drop regarding surface roughness (Ra). 

• Reduction of temperature profile using adaptive positioning of 

cooling structures. 
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Appendix 

Table 3 Material Parameters of Used Metals 
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(estimated) 
21 

(estimated) 
11.6 

Aluminium 7075 2 2800 862 130 - 160 23.4 
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