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SUMMARY .

This repor t describes the d e s ign , construction , and
• evaluation of two high speed D .C.  motors for a propulsion

application with a nominal rating of lOlIP at 6000RPM and
an intermittent rating of 2011P at 3000RPM .

• The objective of the work (lOne by Rogue Elec tric
Manufacturin g Company was to design , c on s ttu ct , and t e s t
two D.C. propulsion motors which were to be c o m p a t i b le
wi th a multiphase D.C. chopper—motor drive , described in
the iEEE Transactions On I n d u s t r y  App l i c a t i o n s, Vol. IA— 8,
No: 2, March/April 1972 , pp 136—144 , entit led “Design
Analysis of Multiphase DC Chopper Motor Drive ” .

The motors also had to interface w it h  a~ existin g
electric propulsion test rig design , originated by
Barber—Ni chols Engineering Company , Arvada, Colorado ,
which limited its envelope d i m e n s i o n s .
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I NT RO I ) U C  I I O N

DESIGN 01 A [ OH P , 6000RPH , CONTINUOUS 2011P, 3000RPM
I N T E R M I T T E N T  D U T Y  T R A C T I O N  M O T O R .

The design is based on a compromise between good
e ffic i enc y and low wei ght—two c onf il c ti ng requir ements.
Any reduction i n  ele ctra—magnetic weig ht causes a decrease
in e ffic i ency and any increase in e fficiency increases
wei ght.

The el ectric loading and current densit ies are
based on values extrapolated , from previous desi gns of
simil ar uni t s . As It turn ed out. after testing , the limit
in the de si gn w a s  no t t e m p e r a t u r e or efficiency bu t
commut a tion . Cons iderabl e d i f f i c u l t ”  was experienc ed due
to t h e  fact that only two commutat ing poles were used

• in order to save wei ght. We wil l d i s c u s s  this In greater
detail in a later sect ion of this report.

3. 
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‘I’he s o l i d  s t • a t e con I ro 1 met h o d o logy  u t i i i  :‘.~ ‘I in con-
j u n c t i o n  w i t h  these motors requires  t ha t  each motor c o n t a i n s
a series fi eld which is supp l a n t e d  by an auxil ia ry shunt field.
The a u x i l i a r y  s h u n t  f i e l d  a s s i s t s  in the recuperation of
( ‘Ile rqy d u r i ng  b r a k i ng , whereby the ser i en f i eld u s u a l]  y rc —
nia i  ns  j j )  C i r cu  i t  and r e t u r n s  energy  to t he SOUrC(! during t. he
freewhee 1 lug operating mode of the controller. In  a d d i t i o n ,
the auxili ary shunt field controls Speed balance between
the two motors and provides steering angle control if necessary .

As can be seen on the motor interconnection diagram
in  Fig. 1.. the two armatures are connected in series , whereas
the series fields of the respective motors are connected in
parallel. fly sequentially switching the paralleled series
fields , t h e  armature current becomes twice the field current.

The special requirement for this motor is to provide a
series field winding which furnishes 8t~ to 100 percent of the
required ampere—turns with only half the armature current ,
while the remaining requirements for magnetic flux excitation
is provided by the shunt field. Since it was necessary to
pretest this motor as a conventional series motor , the series
field was arranged in two parallel circuits making it possible
to operate in a series connection under electronic control
or in parallel connection as a conventional series motor .

Another recluirement is to minimize its weight. The
nominal rating of the motor is IOUP at 6000RPM with an inter—

• mittent rating of 2011P at 3000RPM . A goal of 90 lbs. was set
• for this motor by extrapolating from similar motors built

in the past. Because of the relativel y low voltage of this
motor the currents are high and require a large commutator ,
a large brush , rigging , and heavy lead wires.

We had a choice between a 4 pole or a 6 pole configuration .
For reasons of economy , we adopted the 4 pole design. To
reduce weight , we provided only two interpoles which also

• provided space to accommodate the large number of leads. We
also reduced weight by fabricating the end brackets of
aluminum and the brush-holders of thin gauge brass.

We invest iqat:ed the ROSS ib i  i i  t y  of us j ug Va~~ di urn—
Permendur for t:he magne tic s tr u ct u r e  b u t found t h e  cost
prohibitive for the small reduction in wciqht that could be
realized .

Vanadium—Permendur contains 50% cobalt and the price
of cobalt has risen from $5 a pound to $50 a pound during
the last four years. It is also a material that must be
imported from unreliable sources providing another reason
to avoid its use .

4.
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SUMMARY __UI’ I ) E S I ( N

T H E  D E S I G N  IS  BAS ED ON T H E  P E A K  R A T I N G  OF 2 0 U P ,
3000RPM , 48 VOLTS.

A r m a t u r e :

Outside Di am e ter I) = 5.000 in. (12.7cm)

Inside D i a m et e r  D1 1.500 in. (3.81cm)

Length of Stack L 4.00 in. (10.16cm)

Number of Slots S = 4 5

Number of Poles P = 4

Slots per Pole Pitch 
. 

S/P= 11.25

Type of Winding Simp lex Wave

Number of Coils 45

Turns per Coil I

Number of Conductors 90

Conductors per Slot 2

Total Flux in the Gap 2.69 x 10
6 lines

Distribution Constant 0.66

Magnetic Loading Q = 1146 AN/in (451 AN/cm)

Flux per Pole 4.44 x 10~ lines

Conductors 2 No. 10 AWG Square (2.59 x 2 .S9mi

• - Copper Area .0197 in. 2 ( . 1 2 7 c m 2 )

Insu l ation Class H

• Current Density at 400 Amps 10152A /in.
2 

(1574A /cm
2
)

R e s i s t a n c e  a t  2 5 °C .007 Ohms

Frequency of A r m a t u r e  C u r r e n t  100 Hertz

_  

5. 
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SUMMARY U F DES I C N — C O N  ‘I I N  U E l )

Amp Turns p e r Pole 2250

Material of Laminations M-19 , #29Ga. (.035cm)

R o t a t i n g  M a s s  I n e r t i a  0 .6 0 5  L b . Ft . 2 ( 2 5 5 K g c m 2 )

Po les  and Y o k e :

Material-Main Poles M— l~~, Ifr 29G a ( . 0 3 5 c m )

Ma t e r la l - I n t e r p o l e s  Low Carbon S t e e l

Material-Yoke (Frame) Low Carbon Steel

Pole Height  l .2 iO  in. ( 3 . 1 7 5 c m )

Pole Length 4.00 in. (10.16cm)

• Pole Width 1.25 in. (3.175cm)

Interpo le Dimensions .5 x 3.5 in. (1.27 x 8.89cm)

Interpole Shoe .625 in. (1.58cm)

0
Pole Arc 60

Main Pole Air Gap 0.071 in. (0.180cm)

Outside Diameter of Yoke 8.750 in. (22.2cm)

Inside Diameter of Yoke 7.640 in. (19.4cm)

Length of Yoke 5.500 in. (13.97cm)

Magnetic Section of Pole 4.75 in.
2 (30.63cm

2
)

Magnetic Section of Yoke 5.95 in. 2 (38.37cm
2
)

Pole Leakage Constant 1.2



Stationary Windings:

SERIES I N TERPOLE SHUNT

S i :~e of Conductor  #7S0 ft7S O # 2 4
AWG ( cni ) ( . 3 6 5 )  ( . 365) ( . 0 5 1)

Conductor  cross sec t ion  .0199 .0199 .000317
2(in ) (cm ”) (.128) (.128) (.002)

Maximum c u r r e n t/ s e c t i o n  (A )  210 210 2 . 7

C u r r e n t  d e n s i t y  10552 10552 8517

(A/ in ) (A/ cm~~) ( 1 6 3 6 )  ( 1 6 3 6 )  ( 1320)

Turns  per pole 8 17 400

• Resistance/section at 25 °C (ohm) .01 .007  40

0Resistance/section at 125 C (ohm) .014 .01 56

Voltage Drop (V) 2.94 2.06 108

Watts Loss (W) 1180 825 292

Commutator and Brushes:

Diameter 4 in. (10.16cm)

Length of brush surface 2.5 in. (6.35cm)

Number of bars 45

Bar pitch .279 in. (.708cm)

Number of brushes 8

Size of brush .375 X 1.00 in. (.952 X 2.S4cm)

Current density (At 400 AMP ) 266A/in.2 (41 A/cm 2)

_ _ _ _  — 
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LOSS P R O F I L E  AT OVERLOAD.

Resis tance drop a t over load (a t 42 0 AMPS and 125 °C) (2 5°C)

Armature IR .008 X 1.4 X 420 = 4 . 70 V 3 . 3 6  V

Ser i es F i ~’1d IR  .005  X 1 . 4  X 42 0 = 2 . 94 V 2 . 1 ( •) V

In t e rp o l e  I R  . 0 0 3 5  X 1 .4  X 4 2 0  = 2 . 0 6  V 1 . 4 7  V

Brush  Drop (Copper Gr a p h i t e)  = 1 . 0 0  V .71 V

1 0 . 7 0  V 7 .6 4 V

Losses (at 2011P , 3000 RPM)

Copper and Brush  Con tac t  4 4 9 5  W a t t s  3209 W
1 0 . 7 0  V o l t s  X 4 2 0  AMPS

Brush  F r i c t i o n  95 W a t t s  95 W

Iron Losses 160 Watts 160 W

F r i c t i o n  + W i n d a q e  90 W a t t s  90 W

S t r a y  Load 400 W a t t s  400 W

5 2 4 0  W a t t s  3954 W
14920

• Efficiency = 114920 + 5 2 4 0  = . 7 4  ( at  125 °C)

1492 Q_
E f f i c i e n c y  = ( 14920 + 3954 = .79  (a t  25 °C)

• Torque at 3000 RPM

TD = 7.04 x 2.69 x io6 X 90 X 420 X.66 
= 39.4 LBS. Ft.

2 X 60 X 10 
= 5 3 . 4  N—rn)

• Required Torque = 35 LBS Ft. (47.46 N-rn)

______ - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~_~~~~_ •__~~~~~ ~~~~~~~~~~~~~~ • •-~~~~•
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i.u:;~; I’ROI’ I !.I AT ItA I’EI) h)AI)

1’ui 1 Loa d I~e~ i ~; I .tiiCe I)rop (at  1113 AMPS and .125°C) ( )r~~’( .)

A r m a t u r e  IR 2 . 0 4  V 1 .46 V

Series IR 1.28 V .91 V

1nt ~~rp ot e  IR 0 . 8 9  V . 6 4  V

Brush  [)rop (Col pe r G r a p h i t e )  TOTAL 0 .50  V . 50 V

TOTAL ~~77I V

Full Load Losses (at 133 AMPS , 6 0 0 0 R P M )

Coppe r and Brush  Con t a ct  1162 W a t t  s 6 4 2  W
4 . 7 1  X 18 3

Brush  F r i c t i o n  95 W at t s  95 W

Iron Losses 50 Watts 50 W

Windage + Friction 200 Watts 200 W

S t r a y  Load 100 W a t t s  100 W

1307 W a t t s  1087 W

- - 7460 -

E f f i c i e n c y  = (7460 + 1307 .85 ( a t • 125 °C)

74~~0
Effici ency = 17460  + 1087 .87  ( a t  25 °C)

Torque at 6000 RPM

T 1 = 7.04 X 1.47 X i0~
’ X 90 X 183 X .66 

= 9.37 LBS F t .

2 X 60 X io 8 = 12.71 N — r n )

Required Torque = 8.75 r~ns. Ft..

(11.07 N—rn)

10.

• • - • -----— • • - • — ~• •—— •- • — ‘ • • •.•—••• • • .•• •-• •— — . -—--—• • .—-—-• -- — -•- — .— —•& •—~ — ••



I h ~ I C L U  II’ A I IiII Ifl’N • .0111 ’

0INSI IV I . I NC III A l / I N  0 I I~SI’ I I) A I • / I~0I.I

t I N  I~~ / I N C A L i S ’ ~ I I CM
A R I  A

C p ,‘ 00 - ‘ S . U I I . I S — — — — I i  (I

II I I I I  I ( 3 2  ( ( ( 3 ( 3  I ‘5 I •+ . ‘ Ut )  I . ~ •‘ •~ S~ ., -
t I

A R M  . \‘ f lF ~ 3 5 ~ (I i~ I .‘ -+ (I I I . ~0 ( 1 I . 8 1 ( 3  i t )  .
~ • I

) ‘U I. I. 1 0t~ (1(3 0 ~, i ( *  I . 2 ‘0 I . I / I ‘ 3 . s •~ I

F R A M F ~I ( 3 0 ( 1 0  I 3 t)  
‘ 3 3 . —‘ 2 14 . I / ‘)  U ~ . 1 ’1 I —

•

t t ~~I A I — I s S

I 4 l t A t I 5 3  (
~F .\ R P I \ I I ~R I  ~ R USS l IAC N 1 I 1 2 . \ I I U N  L I I I  \ ( I P ~~t . l U t A l  \ l / P U I  I

A R F I ~, ( I ~ I 

~• __
~
__ 1_ 

- - S .  ~~- -



MA (;N 1:1 1(2 C I IU’Ul I A l ’ I’OOORI’M , 1 3 ) 1 1 1 ’

I1FNSI ’I’ Y LI:~~(; I’ I I A T /  I’~ U I ~RS’I’ l~P Al/Pol l:

AREA Li NE S / in 2 (AL ISSFS 
iN CM

• CA l’  2 32 0 ( 1  3 . 0 7 1  . I l ’ s )  ————
• i’EE ru 5~ 10 1) 8 S 7 3  . h O () I . ~~ ,

‘ I • ‘ 1 . 7 3  2 .  1

A RH . 10K I 2 b 000 40  ~I I . ‘
~ 0 3 . 8 I I . ‘i (1 . 7 ’ + 2 . I

P01, K 5 7 b 00 8 9 3 0 1 . 2 5 3 . I 11 4 1 . () 5 ‘
~ . 0

FRAME 4 7 2 0 ( )  7 3 1 7  3 .  ‘~~~ 8 IS 11) 4~ 3 2 . .’

‘l’0’l’~\ I, = (‘‘tO .

BECAEJS1: OF’ CROSS MACNE ’I’ I ’/~A’l’lON ‘l I l t: A C T I ’A I ,  A T / P U L P  ARI: 7 3 2 .

12.

— -—‘ — • -• • • _t ,ilI1
—‘--—-- ~~~~~—-— • - - -•- ‘

-- —-
~
-
‘- •—-•-- - - - — --  ~~~

—‘---- ~~~~~~~~~~ • —•--- • -- - - -- --

~~~~
• -

~~~~~
-- — ‘—



DISCUSSION .

The purchase description for this motor specifies two
points for the Speed — Torque Characteristic. 1OIIP
at 6000RPM and 2011P at 3000RPM . By careful choice of
satura tion levels , air-gap and series field turns we
were able to accommodate both points at the same voltage
level. This relegates the shunt fjeld to balancing the
speed of the two motors, to angle control and inter-
m i t  t e n t  regenerative braking . There is no need any more
to maintain a large shunt field on the low speed end
in order to reach top speed by weakening this field as
was envisioned in the Interim Report.

As ment ioned  previously we encountered some dii I i-
cu lt y  with commutatjon . In order to save weiqht , this
motor has only two commutating poles. Therefore , the
commutating pole flux has to return through the main pole.
But the main pole becomes highl.y saturated at overloads
and cannot accommodate the additional Interpole flux .
For proper operation of the  interpoles it is necessary
to majntain linearity between flux and current which cannot
be accomplished while the main flux is subject to
large fluxtuations. Therefore , we had to compromise in
the calibration of the int s ’rpoles in ord er to achieve a
tolerable degree of commutation .

As a further consequence of our difficulties with
commutation we could not achieve the efficiency during
overload that was predicted in the interim report. This
is due to parasitic torques in the conductors under-
going commutation and is buried in the loss profil e under
the heading of Stray Load Losses. Nevertheless , the
efficiency is still as good as on machines weiqhin j much
more.

In order to further improve the efficiency of the
motor under solid state contro l , one could laminate the
entire field structure of the motor .  T h i s  may produce
a measur~3l) 1 e redi c L ion  i n  i ron 1 •~~se:~ . The ad(li ti (mdl
cost o ~ the l a m i n a t e d  motor wou Id  have t o be US I i I i oil
by the p o s s i b le  energy savinqs over the  I i  f s ’  of t h e
motor .  T h i s  i~~ a sub jec t  that  is beyofld t h e  SCO})t ’ of
this present study .

The airflow was maintained at 200 CFM during our
test program . The pressure drop at this flow rate is
1.0 in. of water.

13.
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A HA  1.YS 15 Oi’ ( ‘OM l~ARA fl LF Wl~ I GI lT ANI ) COST 1) 1” A S I N G  LI~ MO ’I OR
RATI:D 20111’ VS . TWO 1 OlIP Mo roRs . 

- ___________________________

We a~ sUmo in  this anal ysis that the 101W motors are
48 Volt motors operating in a series connection and that
t he  2OIlP met or is rat ed at 96 Volt. ‘Ph i ~ keeps the current
in both rat i nqs the same and p e r m i t s  us t o  use the same
si :~e cominut at 01’s , hrush—r iqq I nq~ , and & ‘aI ’les . Based on
the  above a~;surnpt ions the 10111’ m otor will weigh  95 LBS .
and the 201(1’ motor will weigh ln~ LBS.

A Cost Breakdown for these motors based on 1979
Dollars f o l l ows :

QUAN ’I’ITY lO lI P  
____ 

201W

100 $ 1250.00  $ 1800.00

1000 $ 1060.00 $ 1530.00

10000 $ 875.00 $ 1260.00

14.
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Bearing Bracket Ext . End A l um I num 3 . 6 9  lbs .  ( 1 .6 7 K g )

Bearing Brack et Comm . End Alum inum 5. 57 lbs .  (2.52Kg)

Frame Ring St ee l 21 .72 lbs. (9.85Kg)

4 Main Pol es 8.57 lbs. (3.89Kg)

2 Tnt . Poles 1. 25 lbs . (0.57K g)

H.P. Coils 3. 7 lbs. (1.68K g)

1.P. Coils 2, 75 ib s . (1.24Kg )

Armature Coil s 5 .00 lbs. (2.27K g)

A r m a t u r e  L a mi na t i ons  16 . 10 L b s .  (7.30K g)

C o m m u tat or  9.35 lbs. (6.24Kg)

Cables 2.00 l bs .  (0.91Kg)

Sh aft 6.31 l b s .  (2.86K g)

2 B e a rIn g s  1.00 Lb .  ( 0 . 4 5 K g)

Brush Holde rs 1 .12 lbs. (0.51Kg)

Brushes .65 lb. (0.20Kg)

Rocker RIng .24  lb.  ( 0 . 1 1 K g )

Cover — Ext. End .91 jb. (0.4lK g)

Bear ing  I n s e r t s  .36  lb. ( 0 . 16 K g )

Cover  C o m m u t a t o r  End 3.00 jbs. (1.36Kg)

H a r d w a r e  1 .91 lbs. (0.86Kg)

‘r o ‘1’ AL 9 S I b ~ . 
/s 3 K
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ALTERNATIVE CONCEPT MOTORS

In discussions with representative of MERADCOM it
was agreed that endurance testing and environmental
testing as prescribed by Par. 4.4 and Par. 4.5 should
be cancelled and that instead two more motors be built.

The orig inal motors had radial brushes in order to
insure complete by—directional capability. A radial
brush is not very stable and under certain conditions ,
especially under very high speed , may cause chatter with
simultaneous arcing .

Brushes in t-railing configuration or reaction type
brushes are much more immune to chatter ~ut have one
disadvantage; they are unidirectional.

In view cf the fact that propulsion motors operate
in one direction most of the’ time , we will take advantage
of this characteristic and build t ’mese motors with trailinq
type brushholders.

The original motors had only 2 interpoles which caused
some difficulties with the interpole flqx due to satura—
tion of the main poles. Therefore it was decided to incor-
porate 4 interpoles in the new motors.

16.
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