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ABSTRACT 

In the design of drive motors for undersea vehicles, the premium placed on noise 
suppression suggests the use of a brush-commutated dc motor. The additional constraints of 
weight and volume, as well as unusual configuration, presents the axial air-gap configuration, 
with a permanent magnet field, as a viable candidate. In such a configuration the design of 
the brushes and commutator and the resulting structure becomes critical. 

The report describes a novel solution to this problem. The basic motor consists of two 
discs containing permanent magnets on either side of a magnetic structure containing the 
copper windings. An advantage of this motor concept is that copper cooling may easily be 
accomplished through the use of liquid circulating through the stator windings. 

The role of field and armature in a conventional disc motor configuration are reversed. 
The two discs containing the permanent magnets are rotating. The brushes are on the discs. 
The magnetic structure with the coils is stationary. The commutator bars are imbedded in the 
stationary member. Input power is supplied to the brushes through a brush-and-slip ring 
assembly . 

An electromagnetic design analysis for a 92 ft-lb, 700 rpm motor was performed. A finite 
element analysis has been conducted and the results show that magnetic saturation is not a 
limiting factor in this design. The motor torque is achievable within weight and volume 
constraints. 

*Operated by Martin Marietta Energy Systems, Inc., for the US. Department of Energy 
under contract DE-AC05-840R21400. 



INTRODUCTION 

The brush-commutated, pancake (or disc)-shaped permanent magnetic motor has been 
suggested as a candidate for application in continuous duty environments. Presently, these 
motors are used in disc drives, for robotics, and in servo-type applications where fast 
acceleration time, full torque over a wide speed range, and high peak, or "burst" torque 
capability is required. The Applied Technology Division (ATD) staff of the Oak Ridge National 
Laboratory has developed a computer model of a variation of a commercial motor' in order to 
evaluate performance. 

The ATD motor assembly would consist of two motor modules; each module would be 
constructed of a single stator assembly with a rotor on each side of the stator. The complete 
motor assembly would be required to meet the following average performance specifications: 

Configuration 

Direct-current, brushcommutated, counterrotating output, direct drive, fully reversible, 
efficiency 2 85%. 

Performance 

92 ft-lb at A 700 rpm (maximum continuous) 
max weight 120 Ib 
package size -17-in. diam x 12-in. long 
operated from battery supply. 

A drawing of the motor concept is shown in Fig. 1. For each module, the stator would 
contain the copper windings, with a total of 21 slots. Steel laminations would comprise the 
"teeth" but, since the flux path is closed by the back iron in each rotor, there would be no 
stator "yoke" required. Cooling of the stator, to remove I*R-generated heat, is easily 
accomplished by coolant tubes since the stator does not rotate. 

Each rotor would consist of four rare-earth permanent magnets (SmCo or NdFeB) equally 
spaced in front of a back iron ring. The magnets and back iron would be contained in a 
non-magnetic, high-performance engineering plastic such as "G-lo." 

'PMI Motion Technologies 
49 Mall Drive 
Commack, New York 1 1725-5703 
(516) 864-1000 
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As shown in Fig. 1,  one of the motor shafts would be hollow and larger in diameter than the 
other for counterrotation of each shaft. 

Electric power would be transferred from the voltage-controlled source to the stator 
windings via two sets of brushes and one slip ring assembly. The first set of brushes and slip 
rings is needed to energize the brushes in contact with the commutator bars. The second set 
of brushes, also located on the rotor, would provide dc current to the commutator bars located 
on the stator. At full torque and rated speed, the motor will draw -60 amperes at 161.5 VDC. 

Design Parameters 

Since the speed of the motor is relatively low, it was decided to use a wave winding in 
the two stators. With this decision, a four-pole motor with 21 slots and 21 commutator 
segments was chosen, with a winding pitch of one in five. The steady-state equivalent circuit 
of a separately excited dc motor is shown in Fig. 2. 

The equations are: 

where 
Eg = back emf in volts 
Te = electrical torque in NM 
q5 = air gap flux in webers 
w = rotational speed in rad/s. 

KT is the torque constant and Kg is the back emf constant. In the SI system of units, 
these two constants are equal; Le., 

where 
t!3 = parallel paths = 2 
P = number of poles = 4 
N = turns/pole = 6.25. 

With a flux density of 0.8 Wb/m', the flux can be calculated as, 

0 = ' [(14)'-(8)'] x (0.0254)' x (0.8) 4 
= 0.05 weber 

With 21 coils each with 25 turns (each turn consisting of 2 #12 AWG), 

= 41.8. 
4(21 l(6.25) & = Kg = 242) 



Fig. 2 .  Motor Equivalent Circuit 
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Thus Te = (41.8)(0.05)(60) 
Te = 125.4 N-M = 92.55 ft-lb 
Eg = (41.8)(0.05)(73.27) = 153.1 3 volts. 

Efficiency 

For the magnetic losses, consider the stator teeth which are fabricated from tape-wound 
MAGNESIL -N (0.007-in. thick). The available core loss curves show a core loss of 2 watts per 
Ib at a frequency of 200 Hz. For the ALPHA motor, a 4-pole motor operating at 700 rpm, 

1 2of 700 = 7 

or f = 23.33 Hz. 

The teeth weigh 8.2 Ibs and scaling the frequency linearly 

w, - - 23'33 x 2 x 8.2 =2 watts - 200 

The back iron is made of "sawblade" steel and its B-H curve is linear. However, the flux 
density is a d c  value and, hence, there is no core loss. (In actual operation, there may be 
some distortion due to the action of armature reaction but we consider this negligible.) 

Each coil consists of 25 turns where each turn consists of two #12 AWG conductors in 
parallel. A rough calculation shows each coil is 22.5-in. long, For standard annealed copper, 
resistances are related in temperature as 

234.5 + t, 
234.5 + t, R, = R. 

No. 12 AWG has a resistance value of 1.588 Q/lOOO ft. Since we utilize a wave winding, 
there are two parallel paths. Thus, 

Ra = 0.47 Q. 

With 30 amperes in each leg or 60 amperes total 

PCU = (60)' (0.47) = 1.7 kW 

For 92 ft Ibs at 700 rpm 

9143 = 84.3%. 9,143 + 1700 eff = 

This calculation is not exact, but assures that an efficiency of 85% should easily be 
obtained with more detailed design. Note that the battery must deliver at least 
Eg + (60 x 0.47) = 181.4V. for this first design. To meet a lower battery voltage configuration, 
the designer may use slightly bigger wire to reduce the voltage required. 
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Commutator/Slip Ring Design 

As previously discussed, the stator winding assembly is stationary while the permanent 
magnets are mounted on rotor discs. This concept presents the need for a commutator to 
carry D.C. armature current into the fixed coils, and also the need for slip rings to provide a 
means to impress current into the rotating field disc that houses the commutator brushes. A 
drawing of the brush/slip-ring and commutator concept is shown in Fig. 3. 

Approximately 60 amperes of current will be carried by the two pairs of commutator 
brushes. Each brush must be capable of conducting 30 amperes, and at a nominal density 
of 50-60 amperes per square inch (for carbon brushes), each brush must have 1/2-sq in. of 
contact surface. A number of slip ring brushes can be distributed around the circumference 
of the slip rings. If four brushes per slip ring is selected, then each brush would need to be 
sized for a 15 ampere current flow, or approximately 0.25-sq in. per brush. 

The commutator brush holders consist of trapezoidal slots machined perpendicular to 
the commutator (or air gap) into the PM disc composite. Each brush will be spring-loaded 
by use of a cantilever spring arrangement that will not be affected by centrifugal forces. Since 
total running time is short, brush wear and spring deflection (travel) should not be a problem. 

The slip ring brush holders (not shown in Fig. 3) will consist of commercially available 
brush holders mounted to two sets of rocker arms. The rocker arm holder will be constructed 
to carry two positive and two negative brushes each. The holders shall be sufficiently strong 
to allow the power supply flexible leads to be bolted directly to the arms. The fixed mounts 
for the rocker arm holders will be adjustable for brush clearance to the slip rings. 

The final design of the slip ring/commutator brush systems can include variations using 
alloys of graphite and silver, copper, or cadmium. Silver, copper, and cadmium with graphite 
brushes can be tried in combination with similar slip-ring and commutator materials as well as 
conventional carbon and brass (copper) materials. If the more exotic alloy materials are used. 
then the cross sectional areas of the brushes, slip rings, and commutators can be reduced. 
Also, spring pressures will be adjusted to meet the requirements for the type brushes being 
used. Commercially available brush materials and brush holders will be used where possible, 
as well as readily available commutator bar and slip ring material. 

Finite flement Analysis Model 

The ALPHA motor module has one-quarter symmetry, so a onequarter section of the 
module was selected for the electromagnetic analysis. The commercial two-dimensional code 
MSC/MAGNETIC, version 13.1, was used for the analysis. A feature of the code is the 
capability to use non-linear steels. 

For the analysis, the basic geometry was established by taking a section of the module 
at the average magnet radius of 4.63 in. and displaying the section in two dimensions. The 
geometry layout is shown in Fig. 4. Each rotor is modelled as 1) a permanent magnet with 
a specified coercivity of the magnetic flux density in kA/m; 2) a back iron ring of steel with a 
linear B-H curve; and 3) a region of air to assess whether or not the steel closes the flux path. 
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The stator is modelled with 1) "slots" consisting of air and a specified number of turns of wire 
and current per turn; and 2) "teeth" formed from a non-linear steel or, for some analyses. 
formed from a non-magnetic, non-conductive material such as engineering plastic. An 
adjustable physical air gap between the moving rotors and the stator was also modelled. 
Typical dimensions tested with the model are 

Axial lenqth/inch 

Air (behind rotor) 0.25 

Magnet 0.25 
Back iron 0.25 - 0.50 

Air gap 0.025 - 0.050 
Teethhiindings 0.5 - 1.0 

Constraints 

The air regions on either side of the rotor back iron are constrained so that the vector 
potential (in webers per meter of model length) anywhere on the outside surface of the air is 
zero. To account for the model symmetry, the vector potential on one side of the model is 
constrained to be -1 times the vector potential on the other side of the model. 

Kev Model Parameters (end turns are excluded) 

A. Dimensions 
REV = 4.625 in. 
R, = 3 in. 
R o  = 6 in. 
L = 3 in. 
Circ, = 7.27 in. for one quarter section 

d Slot width calculation 2 : 
angle between the centerlines of two adjacent slots = 17.14 degrees 

* d = 1.405 in. d for small angles, e., -- R 

Therefore, d = 0.7 in., and the tooth width is also 0.7 in. 

B. Material Listing. 

Material 1 = air 
Material 2 = back iron, a steel with a linear B-H curve 
Material 3 = permanent magnet 
Material 4 = silicon steel (non-linear B-H curve) 

The material tables and B-H table for Material 4 is reproduced in Table 1. 
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Table 1 

Material Properties and B-H Table Listing 

> E 4 M  . : . 0 0 0 0 0 0 0  
i DYD 1 0 . 0 0 0 0 0 0 O O E + O 0  
J I E L  1 ; . 3000005  
T C a N  1 S . 2 2 0 0 0 0 0 0 E - G 1  
4 c s  1 0 
' E R A  2 : a O o . J O O O  

C O N O  2 5000000.0 
3IEL 2 1 . 0 0 0 0 0 0 0  

4CS 2 0 
P E R M  3 1 .0100000 

1 0 .00000000t *00  C O N O  
JIEL 3 1 .0000000 
..M&G 3 -0 .2a23155lE-01 
T C O N  3 0.00000000E*GO 
q c s  5 0 
P E R M  4 2000 .0000  
C O H O  6 5000000.0 
? € I T  4 12 
JIEL 6 1 .0000000  
1 C J N  . c4.980000 
Y C S  3 
3HlABLE 1 2  

T C O N  2 44 .9aoooo  

0 .19000000t-02  3.9788135 
0.27999999E-02 4. TlC6402 
0.38000001E-02 5.5706231 
0.46999999E-02 6.3661916 
0.93999999E-02 1.9577470 
C.18800000E-01 15.915494 
0.56299999E-Jl  23.873241 
0.10310000 31.830988 
0.15000001 39.188134 
0.30000001 41.746483 

0.52499990 63.661976 
0.62 B O  9998 TI -619720 
0.11249999 19.511469 

1.2938000 238.73241 
1.4250000 318.30988 

I .5188000 41 1.46681 
1.5563000 S S 1 . 0 4 2 3 0  
1,5844001 636.61915 
1.6125000 116.19720 
1.6313000 195.71472 
1 .?250000 1591.549* 
1 .7438005  2301.3262 
1.7625000 3183.0989 
1.1719001 3910.8735 
1.7012999 4174.64cl4 
1.1907000 5510.4229 
1.8001000 6366.1978 
1.8095000 1161.9722 
1.8189000 7957.1411 

1.8377000 23873.2  4 0  

1 . 8 5 6 5 0 0 0  39788. 734 
1.8659000 41146.480 
1.8753000 55704.230 
1.8846999 b 3 6 6 l . Y l l  
1 .8941000 11 619.127 
1.9035000 79577.469 
1.9129000 15915*-94 
1 .9223003 238132.41 

1.9411000 397881.34 

0.41249999 55.704221 

1.1438000 159.154% 

1.4625000 397.a8736 

1 .8283000 15915.494 

1.84?1000 ~ i 8 3 0 . 9 a a  

1.9311003 318309.  S d  

I .9505000 477464.a1 

546000.00 

0 .00000000E*00  
3.aoaooooo t *c)o 
3.00000000E*00 
J . O O O O O O O O  E * O O  
3.00000000E*00 
0.00000000E*00 
0.00000000E*00 
0.00000000€*00 
0100000000E*00 
0.00000000E*00 
0 . 0 0 0 0 0 0 0 0 ~ * 0 0  
0.00000000E*00 
0.00000000€*00 
0 .00000000E*00  
0.00000000E*00 
0.00000000E*00 
J.00000000E*00 
0.00000000E*00 
0.00000000E*00 
0 . 0 0 0 0 0 0 0 0 ~ * 0 0  
0.00000000E*00 
0.00000000E*00 
3.00000000E*00 
0.0000000OL*00 
0 . O O O O O O O O E * 0 0  
S . O O O O O O O O E * 0 0  
0.00000000E*00 
0.00000000 E*OO 
0.00000000E*00 
0.00000000E*00 
0.00000000E*00 
O.OOOOOOOOE*00 
0.00000000E*00 
0.00000000€*00 
o.ooooooooi*oo 
0.00000000E*00 
O.OOOO0000E*00 
0 . 0 0 0 0 0 0 0 0 ~ * 0 0  
0.00000000E*00 
0.00000000E*00 
J . O O O O O O O O E * O O  
0 . 0 0 0 0 0 0 0 0 ~ * 0 0  
0,00000000 E * O O  
3 . 0 0 0 0 0 0 0 0 € * 0 0  
0 .00000000€*00  
0.00000000€*00 

1.9599000 557042.31 0.00000000E*00 
I .9693000 636619.15 0.00000000E*00 
1.9781000 l l b l 9 1 - 2 5  O . O O O O O O O O E * 0 0  
1.9881001 195714.69 0 . 0 0 0 0 0 0 0 0 ~ * 0 0  
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Results 

The results of the finite element analysis are summarized in Fig. 5-9. Figures 5 and 7 
show the flux distribution. Figure 5 is for an 0.55 in. total air gap. Figure 7 is for 1.1 in. air 
gap, but with 1/2-in.-thick back iron. Note that in each case, the physical distance between 
moving and stationary parts is 0.025 in. The thicker back iron leads to a smaller flux density. 
However, as stated in section 2, this flux densrty is not a-c and, hence, there is no core loss. 
Figure 6 is the flux density plot that accompanies the flux plot in Fig. 5. The important fact to 
note is that the flux density in the teeth is quite reasonable and seems to be less than about 
1.1 Wb/m2 maximum. Thus, operation at an air gap of 0.55 in. should be satisfactory. It must 
be emphasized that this is a 2-dimensional model and the values of flux density of 5 to 7 
Wb/m2 at the edges of the back iron is not a true representation of actual flux density in that 
material. 

Referring to Fig. 9, the analysis results were plotted in the form of output torque vs 
current with the following variables: 

Tooth material (silicon steel or air) 
Total air gap distance 
Magnet strength in kA/m. 

The ALPHA motor torque requirement is exceeded with permanent magnet strengths of 
at least 640 W m ,  and is significantly exceeded with the use of high-grade Samarium-Cobalt 
(SmCo) magnets (740 kA/m). The use of new neodymium-iron-boron (NdFeB) magnets with 
H, -900 kA/m would increase this torque an additional amount without saturating the silicon 
steel teeth. The rotor operating temperature would be limited to 5150°C with the NdFeB 
magnets or 5350°C with the SmCo magnets, but the limitations of other materials (rotor 
housing, bearing temperatures, winding insulation) would be a limiting factor at lower 
temperatures than these. There is an offset in the torque vs current plot with magnetic material 
in Fig. 9. For the plot where there is no magnetic steel, the offset does not appear. Since we 
were limited by economic and time constraints, the number of finite elements have been 
minimized, and we feel that increasing the finite elements would alleviate this problem. 
However, the magnitude of this offset only ranges from 8 to 12 ft-lb, and, hence, we proceeded 
with the minimum element set. 

The fact that the model predicts an excess of steady-state torque capability is fortunate 
since motor weight estimates (see next section) will require that the machine diameter be 
decreased slightly to meet the weight goal. 

The analysis shows that the machine radius may be decreased by up to 20%, with a 
corresponding decrease in motor weight, and still meet the ALPHA requirement. Another 
option available to the designer would be to reduce the current by up to 20% with a reduction 
of more than 20% in the 12R loss and subsequent cooling system requirements. 

Another option available to the designer is the removal of all magnetic material from the 
stator. As shown in Fig. 9, the resulting motor torque would only be 70% of the torque 
achieved with steel present in the stator. However, the use of high-H, NdFeB magnets would 
be expected to result in torque approaching 90% of the ALPHA requirement. In addition, 
removal of all steel would permit the addition of more ampere-turns, and, hence, increase the 
torque. 
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ALPHA Motor Weight Estimates 

I. With Silicon Steel Tape. 

A. Rotor 

Material Volume (in.’) Densitv Weiaht Ob) 

Back iron ring 29 7.8 kg/dm3 8.2 
G-10 plastic 72.5 1.82 g/cm3 4.8 
Magnets 12 7.5 g/cm3 - 3.2 

Total 16.2 Ib 

Since there are two rotors per module, the total weight for the rotors is estimated to 
be 32.4 Ib. 

B. Stator 

The stator weight is estimated based on a stator thickness of 0.5 in. and 
total diameter of 17.0 in. A 2-in. hole in the center of the stator is permitted. 
The weight estimate may be obtained by considering the following 
parameters for an existing stator: 

Diameter 15 in. 
Center hole 2 in. diam 
Weight with yoke 42 Ib 

Since the ALPHA motor stator requires no yoke, an estimate of the weight 
of an existing stator without the yoke is made: 

Volume of yoke 59 in.3 
Density of silicon steel 0.276 Ib/in? 
Total yoke weight 16.4 Ib 
Stator weight without yoke = 25.6 Ib 

Since the swept volume of this stator would now be 85 in.3 (tooth length = 
0.52 in.), the typical densrty of a random-wound, axial-gap stator with silicon 
steel teeth (but no yoke) and epoxy-filled slots is 0.3 lb/in.3. 

The ALPHA motor swept volume is 254 in.3. Therefore, the ALPHA motor 
stator weight would be 32 Ib. 

C. The total estimated motor weight for the motor that delivers 118 ft-lb of 
torque at speeds to 700 rpm is 

2 rotors 32.4 
stator 32 Ib 

64.4 Ib 
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Two modules, comprising the complete counterrotating shaft system, would 
therefore weigh 128.8 Ib. Since the motor torque exceeds the requirement 
by 

’18 ‘-Ib -1 x 100% = 28%, 92 ft-lb 

The motor geometry may be adjusted to reduce the torque output and meet 
the weight goal of 120 Ib for the motor. 

D. The above weight estimates exclude added weight due to 

Cooling coils and coolant 
Housing 
Brush and slip rings 
Brush and commutator rings 
Shaft and bearings 
Bearing lubricants 

The only significant item in the above list is the potential weight of the drive 
shaft; however, innovative materials may be used to keep the weight impact 
of the shaft, housing, and cooling coils to a minimum. 

11. Option of No Steel in Stator Assembly. 

Calculations indicate that the motor may deliver about 70% of its rated, steady-state 
torque (64 ft-lb) without the use of steel laminations in the stator. The expected weight 
reduction in a single stator may be calculated as follows: 

Total volume of slots = 21 x 3 in. x 0.7 in. x 0.5 in. 
L W H 

= 22.05 in.3 

Volume of teeth = x [(7)2 - (4)2] - 22.05 in.’ 
= 29.8 in.’ 

Therefore, the weight of the teeth no longer needed is 

29.8 in.’ x 0.276 & = 8.2 Ib 
in.3 

Hence, if the stator teeth are removed, the total weight of a motor module would 
decrease by 13%, but the torque would decrease by 30%. 



19 

Commercial Basis for Confidence in Weiaht Estimate 

At least one commercial firm' sells a brushless DC "pancake" servo motor that 
delivers 96 ft-lb continuous torque at speeds up to 60 rpm. The motor assembly 
weighs 64 Ib. While the application is much different from the ALPHA project, the 
availability of such a motor suggests that the use of rareearth permanent 
magnets, with H, >700 W m ,  will result in performance meeting or exceeding the 
present requirement. 

Conclusion 

1. 

2. 

3. 

4. 

The close agreement between the theoretical study in the section "design parameters" 
and the results of the finite element analysis gives us confidence in the practicality of 
meeting the desired goal of 700 rpm and 92 ft-lb within the ALPHA weight and volume 
specifications. 

ALPHA torque specifications will be substantially exceeded through the use of high 
strength SmCo or NdFeB rare-earth permanent magnets. These magnets allow the 
designer to adjust motor geometry and/or windings to meet weight, volume, and cooling 
system limitations. 

A most attractive option is that of removing all magnetic material from the stator and 
increasing the number of ampere-turns to meet ALPHA requirements in a more power- 
dense package. 

Although the slip ring/commutator and brush system is innovative, the requirements for 
these components appear to be well within the state-of-the-art. 

vokogawa Corp. of America 
c/o Tech. Tran. Consultants, Inc. 
Lake Geneva, Wisconsin 531 47 
(414) 248-4650 
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