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ABSTRACT savings o#%— 6%. 1?2

NOMENCLATURE
Reoii  Motor phase resistance].
| Motor current, A).

Electric motors are a popular choice for mobile robots be- Imax_ Maximum continuous motor currenAX.
cause they can provide high peak efficiencies, high speeds, a o Tgrggg;a:gre coefficient of resistance for copper,
quiet operation. However, the continuous torque perforogaof K (Motor éorz;stant Xy )
these actuators is thermally limited due to joule heatingiclw m N :
can ultimately cause insulation breakdown. In this work Nues4 K Torque sensitivity, imyA).
trate how motor housing design and active cooling can be used ! Motor_torque, Nm. .
significantly improve the ability of the motor to transferé¢o Ro  Nominal _ph_ase resistance & ().
the environment. This can increase continuous torque tensi Qq  Power dissipated b)_/ motor_phasew,)(
and reduce energy consumption. We present a novel housing de Qs Power saved by active cooling.
sign for brushless DC motors that provides improved heatdra
fer. This design achievess#%increase in heat transfer over a

nominal design. Additionally, forced air or water coolingrcbe Sandia National Laboratories is a multi-program labosatmanaged and
easily added to this configuration Forced convection iases operated by Sandia Corporation, a wholly owned subsidiatyookheed Mar-

. . . . tin Corporation, for the U.S. Department of Energy’s NatibNuclear Security
heat transfer over the nominal design§%with forced air and Administration under contract DE-ACO4-94AL85000.

107%with pumped water. Finally, we show how increased heat  2The United States Government retains, and by acceptingtickedor pub-
transfer reduces power consumption and we demonstrate that lication, the publisher acknowledges that the United St&@evernment retains,

strategically Spending energy on cooling can provide netrgy a non-e)_(clusive, paid-up, irrevocable, worldwide Iicet[spubl_ish or reproduce
the published form of this work, or allow others to do so, fanitdd States Gov-

ernment purposes.
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Qf an
To
Ta
Tcoil

Power used to drive cooling fan&Vj.
Nominal temperature{C).
Ambient temperature?C).
Ambient temperature;C).
Ty Back iron surface temperaturéQ).
Tmax Maximum coil temperature;C).
Hm Motor heat transfer coefficienW\(/K).
r1  Thermal resistance of coil-to-iron pathg (W).
ro Thermal resistance of iron-to-environment pat/\(V).
reoii  Thermal resistance of the motor coil& /W).
rins Thermal resistance of the outer insulatidd,/{V).
rgapt Thermal resistance of the top air gal,/{V).
rgapp Thermal resistance of the bottom air gag,/(V).
riron Thermal resistance of the back irok, (W).
ousing Thermal resistance of the aluminum motor housing,
(K/W).

simple components. This design only involves adjustmerttss
motor housing structure and not the motor coils or back ieor,
abling broad applicability. In this regard, our methodssangilar
to those described in [4-6] which focused on relatively demp
modifications to motors. However, the cooling techniquegh [
relies on the evaporation of a fixed quantity of liquid waterd
the systems used in [4, 5] exploit centrally located liquadling
infrastructure which is used to cool multiple motors. Our ap
proach also differs from the more specific approaches deestri
in [3,7, 8] which achieve excellent torque density by inargi-
ing heat transfer analysis and cooling elements into thigdes
the motor stators and coils.

The open framed design shown in Fig. 1, provides a 50%
increase in heat transfer over a nominal design without diaké a
tional weight of metal fins. In addition, active forced aiforced
liquid cooling can be easily combined with this design. orc

renv. Thermal resistance of between the motor surface and the air cooling provides an 79% increase in heat transfer ower th

environment, K /W).

INTRODUCTION

The use of electric motors is common in robotic applications
due to their relatively high peak efficiencies, high speeds]
quiet operation. However, one important drawback withtelec
motors is their relatively low continuous torque density 4JL
Torque limitations are problematic for mobile robots thatsin
carry their own actuators, and robot failures due to overhga
are not uncommon. The continuous performance of electric mo
tors is thermally limited, with the thermal breakdown ofuns
lation generally occurring near 130. Insulation with higher
breakdown temperatures can be found, but demagnetization o
permanent magnets can also occur at elevated temperatures.

Energy dissipation in electric motors is proportional te th
square of motor torque, so thermal limitations place an uppe
limit on the continuous torque performance. Increasingamot
heat transfer has therefore emerged as an important reseaa
for mobile robotic applications [3—8]. Improved heat disgion
can provide increased continuous torque and higher torgoe d
sity, thereby enabling smaller actuators.

Additionally, good heat transfer can also improve efficienc
by keeping the temperature of the motor windings low (thgreb
reducing their resistance). Energy efficiency is very intaatrin
mobile robots because they carry their own power supply. Mo-
tors dissipate more energy per unit current when their teaape
ture increases. Therefore, ensuring that motors remaihcamo
improve overall system level efficiency. This can be achieve
through housing design and through the addition of active-co
ing elements.

In this work, we present a novel housing design for frame-
less brush-less DC motors that provides improved heatferans
over nominal designs. The work in this paper focuses on rel-
atively small changes to the motor topology and the addiion
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nominal design, with minimal size and mass penalties. A lig-
uid cooling jacket can be placed around the exposed statbeof
motor to provide forced liquid cooling. While liquid cootyrre-
quires additional hardware (pump, radiator, tubing), dvides

a 107% increase in heat transfer over the nominal designeBy r
ducing the temperature of the motor windings, these desilgos
reduce motor power consumption. We show how the reduction
in motor power can even exceed the power required for forced
cooling (to power fan or pump). Experimental data illustgat
this net energy “win.”

Figure 1. APHOTOGRAPH ILLUSTRATING THE OPEN-FRAMED MO-
TOR DESIGN

This paper begins by describing an overall system model
that relates electromechanical performance to thermatlicon
tions. We then use this model to motivate our unique motor
frame design and describe the features of our design inldetai
Experimental results are used to illustrate the perforraanfc
this system with various configurations including forcedaaid
liquid cooling. Comparisons with the nominal specificai@s
well as a basic motor housing design are used to demondimte t
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efficacy of our approach. Nominal Motor Design
The motor designs described in this work are based around
the Allied Motion Megaflux Series frameless 3-phase brisshle

SYSTEM OVERVIEW DC motors. These motors were chosen for their high continu-
System Model ous and peak torques. This enables minimal transmissimsyat
Heat in motors can be generated from a variety of sources enabling high efficiency and quality torque control at thets.
including friction in the bearings, eddy current effectsd goule The use of a frameless design enables a high degree of de-
heating in the windings. In this work, our analysis focuses 0  sign freedom for the motor housing. A rendering of an unfrdme
electrical power power dissipation caused by joule heathg motor is shown in Fig. 2-a, and photos of an unhoused statbr an

rotor are shown in Fig. 2-b.

Qu = 1?Reoi 1)

Coils

Back Iron !

The coil resistance depends on the temperature changeadithe
and the temperature coefficient of resistivity,

Reoil = Ro(1+ a(Teoil — To)) ()

Stator &

The temperature increase of the coils can be modeled using a

lumped heat transfer coefficie,,. Hpy represents the combi- Motor Output Rotor
nation of all the thermal resistances between the copplsraad
the ambient air surrounding the motor. (A) Frameless Motor Rendering (B) Frameless Motor Components
Qa = Hn(Teol — Ta) 3) Figure 2. A RENDERING OF THE MOTOR CONFIGURATION (A) AND

A PHOTO OF THE FRAMELESS MOTOR COMPONENTS (B).

These expressions can be combined to compute the steagly stat
temperature of the coills.j, and the amount of electrical power
dissipated in the motor winding®q, as a function of the contin-
uous motor current,

For the scope of this work we examine the performance
of the MF0127032-X0X. Baseline performance metrics are pro
vided by the manufacturer based on the assumption that the mo
tor is placed in still air and mounted to an aluminum heat .sink

Teoil = 1°Ro(1—0To) + HmTa (4) The baseline heat transfer coefficient is estimated by the- ma
e Hm — 12Ro0l ufacturer to be DIW/K. The breakdown temperature for the
laminations is 138C. The rated continuous stall torque and stall
current are ®5Nmand 734A respectively. The nominal resis-
12Ro (1 — aTo) + HmTa tance was measured to Be = 1.48Q, at a nominal temperature
=1’Ro(1+a ~T 5 —21°
Qu Ro( + < A 12Roa 0 (5) To = 21°C.
One of the most important operating conditions is predictiaw Simplified Heat Transfer Model
improved heat transfer enables increased currents. Weszan u To develop a greater understanding of the heat transfer, we

Eqgn. 4 to determine the maximum currehax based on the consider a very simple housing design (assumed to be aluminu

breakdown temperature of the coilfyax This results in the that covers the stator and holds it in place. We assume that th

following expression. heat transfer occurs primarily through 3 paths: radiallynaud
from the wires into the back iron, upwards from the coils te th

case, and downwards from the coils to the case. As Fig. 3 shows
Imax= \/ (Tmax— Ta) Hm (6) we treat the windings/insulation as cylinders that poiratrid out
Ro(1+ o (Tmax— To)) of the page. We also assume an air gap between the top/bottom
of the coils and the housing.
This expression illustrates that given a fixed ambient tampe A resistor network representation is shown in Fig. 4. This
ture, Ty, the maximum currentnay, Scales with square root of ~ model appropriate for examining the relative size of the-the
the heat transfer coefficiert. mal resistances, and identifying the bottlenecks to haaster.
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Figure 3. ILLUSTRATIONS OF THE SIMPLIFIED HEAT TRANSFER

MODEL.

The radial path represents the heat flow out to the envirohmen
through the sides of the motor. The tergg; is used to model
the conduction through the sets of coils. Estimating thiathe
transfer is challenging due to the complex network of copiper
sulation, and air gaps. A bulk thermal conductivity can bedus
as outlined in [3]. The termys is used to model the conduction
from the windings through the outer insulation. The heaént
conducted through the back iramn, to the housing.

The top and bottom heat transfer paths are nearly identical t
each other. In this case there is no outer insulation, antehe
flows directly from the coils into the air gap. The terrgg,t and
r'qapb represent the thermal conduction through the air gap to the
housing for the top and bottom respectively.

Heat is transferred through the housing to the outer susface
of the motor. Heat flows from the outer surfaces to the environ
ment via free convection (in the absence of fans or pumps. Th

I'gapb: lins, @Ndrenyare all on the order ofkl/W or larger. These
resistances, labeled in red in Fig. 4, are the main barr@rs t
improved performance. Significant reductions to the thérea
sistance between the housing and the environnggt,can be
achieved through the use of forced air or water. The resistan
r'gapt, can also be reduced by eliminating the air gap between the
coils and the housing. In the following sections we atteropt t
increase performance by reducingy, andreny.

Experimental Procedure

Tests of the thermal properties of the motor designs were
performed at Sandia National Laboratories. A current load w
provided by applying a DC voltage across two of the motor
phases. The lack of commutation causes the motor to stall, en
abling testing of high current loads without physically ko
the rotor. The dissipated electrical pow&y, is determined by
measuring the input voltage and current to the motor.

Estimating temperature is challenging due to the high pack-
ing density of the motor coils. The motor is equipped with a
thermistor, but this only provides the temperature at aifipec
location. For bulk heat transfer analysis we seek an averaifje
temperature estimate instead. We estimate this temperasar
ing the resistance of the coil [9]. The expression in Eqn. 12 ca
be used to compute the average coil temperature based on the
change in resistance.

This approach for estimating coil temperature based on the
resistance was validated using a set of simple experimeXts.
frameless motor stator was placed in an oven with roughly uni
form temperature. The system was allowed to sit for several
hours to allow the temperature to stabilize. The tempeegite-
dicted by the thermistor is plotted against the predictionfthe
coil resistance. As Fig. 5 shows, coil resistance is an tffec

termreny is used to represent the thermal resistance between thepredictor of average coil temperature.

motor surface and the environment.

’:gup,f
A V.V V
Top Path
Radial Path
_ >
T =\ \/—'—\/>/\/\—\/\/\/\——\/\/\/\—\/\/\/\— T,
Vil ins Vion }lwmz'ng env

Bottom Teap.b

path VY V\ AN

Figure 4. THE RESISTOR NETWORK USED TO APPROXIMATE MO-
TOR HEAT TRANSFER.

Analysis of the heat transfer parameters revealsrifiat,

100 O Measured with Thermistor ' |
- -Estimate from R __ or”
coil _-
80 - -
o -8’
= 60 .7
- -
40 - -
20@ I I I -
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Figure 5. EXPERIMENTAL DATA SHOWING HOW RESISTANCE IS
USED TO ESTIMATE COIL TEMPERATURE.
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BASIC MOTOR PERFORMANCE

A design we termed the “basic housing design” is shown
in Fig. 6. This design uses fins machined into the aluminum
housing to enhance radial heat transfer from the coils tethe
vironment. The aspect ratio and spacing of the fins were chose
to balance between size constraints, good performanceased
of manufacturing. The predicted heat transfer paths amutir
the top and bottom of the coils and radially outward. We agsum
minimal heat transfer occurs radially inward due to the aip g
and the presence of the rotor. The sample housing design illu
trates some of the constraints on housing design. The lid and
base are used to clamp the stator in place in order to prevent i
from rotating and to prevent debris from entering the motor.

Predicted
Heat Flows

< Lid and base clamp
stator

(A)

Figure 6. A RENDERING (A) AND PHOTOGRAPH (B) OF THE BASIC
MOTOR HOUSING DESIGN.

Motor Performance, Passively Cooled

Stall current tests were performed at various levels to mea-
sure the heat transfer performance of the basic designe@usrr
ranging from B\ — 6.9A were applied. The ambient temperature
of the room ranged from 24 23°C. The heat transfer coeffi-
cient, Hy, was estimated using the expression in Eqn. 3. The
results are shown in red in Fig. 7. As these results show,-a sin
gle heat transfer coefficient of 28W/K fits the data well. This
represents a 24% improvement over the nominal motor design.

Motor Performance, Forced Air Convection

To maximize the performance of the cooling fins, PC-style
cooling fans were used to provide forced air-flow across the c
cumference of the motor housing. Two fans Q.11kg total
mass, 3% of motor mass) rated for flow rates 6¥1@im* /s were
placed near the motor, and used to blow air over the motor-hous
ing. The fans consumed a combined power.@M. Again, stall
current tests were performed, in this case with currentgingn
from 5— 7.9A. The results are shown in blue in Fig. 7. As these
results show, a single heat transfer coefficient afAlV/K fits

200 5 Basio Design ‘

O Basic Design, 4.2W Fan Cooling
--H_ =125

150 _H_=1.77

Hm =1.01 (Nominal Design)

-
-
P
-
-

.
100

Figure 7. EXPERIMENTAL DATA FOR THE BASIC MOTOR'’'S HEAT
TRANSFER PERFORMANCE.

the data. This is a 42% improvement over the passively cooled
case, and a 75% improvement over the nominal motor design.
Note how the DA current load exceeds the specified current rat-
ing by 8%, but the coil temperature is only°@l This illustrates
how improved cooling can improve the torque output of these
actuators. The 77% improvement in the heat transfer coeffici
means that the continuous stall current rating should aszdy
33%, from 73A to 9.7A. The stall torque similarly increases
from 6.55Nmto 8 7Nm The addition of active cooling increases
the continuous torque density of the basic motor design B84.15

Variable Forced Air

An experiment was performed to assess the role of cooling
power on heat transfer performance. A fixed current command
of 6.7A was used, and various levels of fan power were used
ranging from 14W (near minimum power to operate fans) and
4.2W (full power). As Fig. 8-Aillustrates, the initiation of foed
air over the fins provides the bulk of the heat transfer benefit
Further increasing the fan power only marginally increabes
heat transfer.

_Qd (No Fan)

—Q, +P, (14W)
an

“‘Qu (Nominal Design)
2 1000 2000 3000 4000
Pran W] Time [s]
an
(A) (B)

Figure 8. EXPERIMENTAL DATA ILLUSTRATING HEAT TRANSFER
(A) AND POWER SAVINGS (B) FROM FORCED AIR CONVECTION.
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Energetic Benefits

While small cooling fans provide substantial improvements
to heat transfer, and only slightly increase net mas$1i@)),
they do consume additional power. Interestingly, we havadob
that by reducing the electrical resistance of the céilg;s, the

ENHANCED HEAT TRANSFER DESIGN

Based on the promising results with the basic motor design,
we developed a second motor design intended to providedfiurth
improvements in heat transfer as well as reduced weight. The
new design saves 0.3kg per motor by removing the fins. This

fans can pay for themselves energy-wise and can even providedesign consists of two key changes to the design: the exposed
a clear net energy benefit. For example, Fig.8-B compares the stator and the flexible aluminum insert.

electrical power dissipated in the mot@y, when a 67A con-
tinuous stall current is applied. As the results demonstitae
use of 14W of fan cooling power actually provideset power
savingsof at least BW at steady state. In addition, when com-
pared with the nominal motor design, our basic housing desig
combined with fan cooling enables projected energy savirigs
7.7W, or 9%.

[¢;]

Power break even point

QW]
S

Figure 9. SIMULATION DATA ILLUSTRATING THE ENERGETIC BEN-
EFITS FROM ACTIVE COOLING AT VARIOUS CURRENT LOADS.

Energy costs and savings from active cooling are load de-
pendent. As we have shown, when there are large currents, ac-

tive cooling can provide a “net win” by reducing the temperat
of the windings. However, with smaller currents the motandvi
ings dissipate less power and require less cooling. Theyetier

impact of cooling can be examined using the model in Egn. 5.

We compare the predicted power dissipation for the basis-hou
ing design with and without active cooling.gW) for a range of
current levels. We use the variablg,, to represent the power
savings from active cooling.

Qs:Qd(lananZO)—Qd(l,Qfan: 1-4)—Qfan (7)
The simulated results are shown in Fig. 9. These resulttiiite
that the energetic “break even” point for this motot is 5.4A.
Above these current loads, the fans provide a net energyfihene
Below this load, the fans still improve heat transfer butt cuet
energy.

Exposed Stator

Heat is transferred radially outward from the coils into the
back iron. The back-iron on the outside of the stator praviae
good heat transfer path with a relatively low thermal resise.
The challenge is transferring heat from the back iron to the e
vironment. The back iron layer is too thin to machine long,fins
and altering the back iron risks altering the motor magrptp-
erties. While coupling fins to the back-iron layer was shown t
provide improved performance, ensuring good contact batwe
the back-iron and the aluminum fins is challenging. Heatsfiem
pastes can be used ensure contact but these are only defsigned
very small gaps and have thermal conductivities that areajly
1-2 orders of magnitude less than metals [10].

We enhance radial heat transfer by using an open-framed
design that exposes the back-iron. As. Fig. 10-A showsréais
duces the motor housing mass and allows the back-iron todhave
direct heat transfer path to the environment. In additioahave
designed the open-framed housing to accommodate an optiona
liquid cooling jacket. This jacket, shown in Fig. 10-B allsw
liquid to be pumped around the motor stator, greatly indngas
heat transfer.

Liquid Cooling |
Jacket

~
oY

(A) (B)

Figure 10. PHOTOGRAPHS OF THE EXPOSED STATOR (A) AND LIQ-
UID COOLING JACKET (B).

Flexible Aluminum Insert
The tops of the coils also provide a heat transfer path to the
environment. We speculate that because of the relativedyt sh
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coil height of these motors, the heat transfer through tret en
turns is larger than in other motor configurations. On theste fl
large diameter motors, the end turns comprise a greaterdnac
of the exposed surface area than in other motor geometriés su
as tall, narrow designs.

The basic motor design described previously did not exploit
this feature, with an air gap existing between the tops ottils
and the lid. To enhance the heat transfer to the lid we added a
flexible aluminum ring designed to match the width of the oll
The lid then sits on top of this ring, creating a strong heatiew-
tion path. Since the coils are not of uniform height, notoese
machined into the ring, making it flexible and allowing it tore
form to the coil shape. A photograph illustrating the aluamn
insert with its notches is shown in Fig. 11-A. A photograph of
the motor with the lid removed is shown in Fig. 11-B. The lid it
self is designed to be thin and has fin-like surfaces machied
it (as in Fig.1). Compliance in both the ring and the lid eesur
good thermal contact with the coil end turns and robustness t
uneven coil geometries.

Figure 11. PHOTOGRAPHS OF THE FLEXIBLE ALUMINUM INSERT
(A) AND THE INSERT MOUNTED ON THE STATOR COILS (B).

Enhanced Design Performance

Stall current tests were performed at various levels to mea-
sure the heat transfer performance of the basic designeftsrr
ranging from & — 7.9A were applied. The .BA load is 8%
higher than the continuous stall rating for the nominal mde
sign. The ambient temperature of the room was approximately
21°C. Tests were performed with and without forced air. In this
case a set of two cooling fans (combined powaf;£ombined
mass: 186) were used to cool the motor circumference.

The results are shown in Fig. 12. As the results show, the
enhanced cooling design provides improved performande wit
reduced mass. The enhanced design increases the heatitransf
coefficient from 125 to 151W/K when no fans are used. When
the PC fans are used, the heat transfer coefficient increéases
1.81W/K which is comparable to the basic design under simi-
lar conditions. Substantial energy is saved when compaitbd w

7

the nominal case. For example, aBX, the enhanced design is

projected to save 1AW (13%) versus the nominal design. Com-
paring against the basic design, the enhanced design #&srea
the torque density by 8% 13% (depending on whether fans are
used).

250

O Enhanced Design
—-=H =151
m
o Enhanced Design, Fan Cooling,
4W Cooling Power
—H =181

O Enhanced Design, Liquid Cooling

40 .60 80 100
AT[C]

Figure 12. EXPERIMENTAL DATA FOR THE ENHANCED MOTOR DE-
SIGN’S HEAT TRANSFER PERFORMANCE.

Liquid Cooling Performance

A liquid cooling test-bed was constructed consisting of a
cooling jacket, a small liquid pump (TCS M400S,d341.78 x
10-5m?/s), a PC radiator and fan, and a reservoir. The cool-
ing jacket is slid directly over the stator and uses an O-ang
each end to contain the liquid. In this case, 39% of the s&tor
outer radial surface area is exposed to liquid. Despitertiss
tively small fraction, liquid cooling has a very large impan
performance. This system is illustrated in Fig. 13 and was no
optimized for size or weight. The total mass of the composent
is 0.774kgand the breakdown of the masses is shown in Table 1.
The combined power consumption from the pump and radiator
fan is 25W.

Liquid cooling performance was characterized using stall
current tests at levels ranging frorA 6 9A. The A command is
23% higher than the continuous stall rating of the nominaiono
design. As the results in Fig. 12 show, the liquid coolingadise
improves heat transfer performance. The heat transfeficieet
of 2.09W/K is 107% larger than that of the nominal design, and
15% better than the best performance with forced air. Thismae
that the liquid cooled motor can provide 44% more continuous
torque than the nominal design. From an efficiency standpoin
liquid cooling provides substantial benefit. With 8& current,
the motor and cooling system consume a combineAW5This
is a 178W reduction when compared with the nominal design,
and a 43W reduction when compared with the forced air case.
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ILLUSTRATION OF THE LIQUID COOLING TEST-BED.

Figure 13.

Table 1.
NENTS.

MASS PROPERTIES FOR LIQUID COOLING COMPO-

Item Mass (kg)

Radiator and Fan  0.538
Tubing 0.0145
Jacket 0.0145
Pump 0.034

Reservoir 0.173

Best-Case Performance  The best-case performance of
the liquid-cooled motor can be predicted by idealizing tieath
transfer with a two-resistor network. In this case, we assum
the heat transfer through the radial liquid cooling donmesatA
two resistor model can be created with representing the ther-
mal resistance of the path from the coils to the outer lay¢hef
back iron, and, representing the thermal resistance of the path
from the back iron to the environment. This simplified model
is illustrated in Fig. 14. We can estimate the relative magni
tudes ofr; andr, by measuring the temperature of the back iron,
Ti. We performed a liquid cooling experiment with a thermistor
attached to the back iron. At steady state, the resultingpéem
atures werdlji = 92°C, T = 39°C, andT, = 21°C. These re-
sults demonstrate that during liquid coolimg has already been
reduced to only 25% of the net thermal resistancer; lfvas
reduced to zero, the motor heat transfer coefficielpt, would
be 28W/K. This value represents a performance limit of our
“minimally invasive” cooling techniques. Further imprawents
could be achieved through more complex solutions such as mod
ifying the stator designs ( [7]) or introducing additionalating
components such as chillers.

Coils | Back T1
0 _\':32_ Ambient
s L

coil

Figure 14. SCHEMATIC DIAGRAM OF THE SIMPLIFIED RADIAL
HEAT TRANSFER MODEL.

Limiting Factors  In these results, liquid cooling perfor-
mance appears to be limited by the heat dissipation of the ra-
diator. The reservoir water temperature increases suiztan
during an experimental trial. This illustrates that thetHeam
the motor is being transferred to the liquid, but this heatds
being fully removed in the radiator. A larger fluid reservpio-
vided improved performance during the 30 minute experialent
trials, but we believe that the larger fluid volume simplydak
longer to reach steady state conditions.

Corrosion Issues  One potential issue with liquid cool-

ing is the susceptibility of the back iron to corrosion. Theults

in this work used tap water which can be corrosive and thezefo
requires frequent removal of the cooling jacket and cleansf
the back iron. Two potential solutions to this are: 1) caatime
back-iron layer with copper (provides good heat transfercuor-
rosion properties), or 2) using a cooling fluid with anti‘asive
additives. Note that the cooling fluid must be carefully stdd

to ensure safety at high temperatures.

DISCUSSION

The results of this work show how motor frame design and
active cooling elements can substantially increase thetreaes-
fer properties of high-torque DC motors. The enhanced heat
transfer design not only provides increased torque dertsitly
can also provide energetic improvements by reducing dissip
power. The enhanced design featuring tailored heat trassfe
lutions provides improved heat transfer, reduced weigid,de-
sign flexibility.

Design Tradeoffs

When using the housing design outlined in this work, choos-
ing between passive cooling, forced air, and liquid coolieg
quires consideration of operating conditions, complexéyd
size constraints. The passively cooled design proposelisn t
work provides a substantial improvement in heat transfén wi
no mass, power, or complexity penalty. Forced cooling thhou
the use of small fans also provides little penalty in termsags
(6% of total motor and housing mass) or complexity. Thisesrv
as a relatively simple way to achieve a 20% improvement in hea
transfer and a 3% increase in torque density without sigmific
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power or complexity costs. Torque density could be further o
timized through more careful fan selection. The analysihis
work can be used to predict the energetic consequences\ act
cooling. At high operating currents, fans can provide a et e
ergetic win, directly saving more energy than they consugne b
reducing motor resistance.

Liquid cooling provides superior heat transfer performeanc
and enables increased continuous current levels. Whileuthg
and radiator for liquid cooling do not require substantiaer,
the radiator and reservoir can be large and heavy. However,
the radiator, reservoir, and pump can be used to cool meltipl
motors. Therefore, the size and weight penalties dranilgtica
reduce if liquid cooling is used for multiple actuators inys-s
tem [4,5]. In general, the inclusion of a circulatory systEm
liquid cooling represents a dramatic step change in theydexi
any particular mobile robotic system. Once the overheadiqgf a
uid cooling system is integrated, it is likely beneficial &eit to
aggressively cool as many motors as possible. On the othdr ha
the results presented herein indicate that a substardiidn of
the benefits may be gained with simpler alternatives.

Walking Robot Design

Our group has incorporated these lessons into a bipedal
walking robot known as the Walking Anthropomorphic Nov-
elly Driven Efficient Robot for Emergency Response (WAN-
DERER). WANDERER is designed for high endurance walk-
ing performance for disaster response applications. Thetyo
shown in Fig. 15, incorporates the enhanced heat transéigrile
at all 12 of its leg joints. Currently WANDERER walks using
relatively low power at the motors and therefore does natireq
liquid cooling. Passive cooling is used atof the leg motors
and active cooling is used at the¢ 3. of the leg motors where
power dissipation is especially high.

CONCLUSION
In this work we have shown how good heat transfer can in-

this study could be extended to consider transient effécty-
namic heat transfer model could be used to examine the role of
improved heat transfer and active cooling on peak torquieper
mance. This could enable dramatic one-time behaviorsriagui
very high momentary torques.

Figure 15. PHOTOGRAPHS OF THE WANDERER BIPEDAL ROBOT
AND ITS HIGH HEAT TRANSFER MOTOR HOUSINGS.
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