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1.0

INTRODUCTION

The Bendix Corporation, Guidance Systems Division (GSD)
nas concluded testing of a standard iron and standard
alnico permanent magnet two phase, brushless DC spin
motor for potential application to the Space Telescope
(8T). The purpose of this study was to determine spin
motor power losses, magnetic drag, efficiency and forque
speed characteristics of a High Torgue DC Motor. GED
designed and built this motor to fit an existing reac~
tion wheel as a test vehicle and to use existing brass-~
board commutation and torque command elecironics.

The spin motor was designed for a nominal torgue output

of 50 ounce inch (.35 NM) over a speed range of +3000 RPM.

The motor rotor consisis of 10 poles of alnico permanent
magnets. The stator, located inside the rotor, consists
of two phases of windings in quadrature. Hall elements
are located on the outer periphery of the stator lamina-
tions so as to sense the rotor flux in the air gap and
provide rotor position information for electronic com-
mutation., A picture of the Spin motor is shown in
Figure 1-1.

The reaction wheel used as a test vehicle for the spin
motor is a new 50 ft-lb-sec (68 N-H-sec) Momentum Wheel.
This unit has been designed so that it can be used as a
normal reaction wheel, a biased momentum wheel, or as
the wheeled section of a low output torque, control
moment gyro, either sipgle or dual gimbal., The unit has
an angular momentum potential between 50 and 150 ft-
1b-sec,



BRUSHLESS DC MOTOR

FIGURE 1-1
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The reaction wheel consists of a spoked 16 inch (.406M)
diameter wheel in a magnesium housing. A picture is
shown in Figure 1-2. The assembly is about 16.5 inches
(.42M) in diameter by 7.25 inches (.184M) high. It
utilizes a three point mount and weighs 32 pounds
{14.5KG). Single 104H angular contact ball bearings,

with a 10 pound (.453KG) axial preload provided by a
belleville spring are used in the reaction wheel con-
figuration. The bearings used during test were lubricated
with a fixed amount of SRG- 40 mineral oil.

The reaction wheel has been previously tested with an

AC induction motor installed to determine the units drag
torque characteristics. The unit has been designed to
operate in a low pressure or vacuum environment, A1l

of the tests results presentéd were perfofmed with the
units internal pressure between 100 and 150 micros
{0.1-0.15 Torr). . '

The spin motor drive electronics used for this study
is8 a brassboard set similar to the one which was to be
used on the Earth Limb Measurement Satellite (ELMS)
program, A picture is shown in Figure 1-3. The elac~
tronics consists of an EMI filter, power supply, pu’de
width modulator (PWM) and H-bridge drive circuits, The
'ihput to the electronics consists of é nominal 28 volt
DC buss and DC torque command signal of 0 to +5 volts.
The output is a PWM current drive, modulated by the
Hall commutators, to the spin motor windihgs. ‘The
current feedback stability circuitry was modified for
higher speed operation (3000 RPM vs 880 RPM for ELMS).




50 FT-LB-SEC MWA AND WHEEL ASSEMBLY

FIGURE 1-2
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The power H-bridges, sea Figure 1l-4, were rebuilt to
accommodate the approximately three times higher power
levels required.
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SUMMARY

A two phase, brushless high torque DC motor was designed
and bullt to fit within the physical constraints of an
existing 50 ft-lb-sec reaction wheel. The motor was
sized to fit existing hardware and was therefore limited
to a maximum torque of 50 ounce inches, The motor was
also designed to operate with existing PWM drive
electronics without modification. Unifortunately, dur-
ing the course of integration of the motor and elec-
tronles, it was discovered that the existing H-bridge
power transistors could not adequately handle the higher
motor current and so new H~bridges had to be built.

The electronics were also modified with a double feed~
back eircuit to extend the amplifier bandwidth from its
former 73 Hertz bandwidth to a 250 Hertz bandwidth. The
subsystem, consisting of mofor, reaction wheel and drive
electronics was then tested for its performance chars-
cteristics, Although the motor performed aceording to
its design, an unexpected amount of sensitivity to
armature fields was experienced. This "armature resc-
tion" did tend to cause dissymetry in the data but did
not seriously affect the test effort. The wheel speed
was limitsd to a maximum of 2500 RPM rather than the
desired 3000 RPH because the motor back EMF constant
was erroneously calculated for square wave excitation
rather than the actual sinuscidal current.

The results of +this effort have been summarized in
Tables 2-1 and 2-2, The functional test results, are
shown and discussed in Section 4. The motor itself is
discussed in Section 5. Section 6 contains a discussion
of the frequency response of the drive electronics.

A



HIGH TORQUE DC MOTOR CHARACTERISTICS

Hotor Type

Commutation

No. Poles

No. Phases

Size

Weight

Magnet Mat'l

Maximum Torgue

Torque Scale Factor (Max)

Rotor ouiside stator, brushless DC
Hall elements on sitator
12
2
3.99" OD x 1.63" ID x 1.25" Length
21 ounces ( .595Kg)}
Alnico 8
54 oz-in
10 .25 oz-in/pKamp (.072NM/pkanp)

(Apparent) ©.6 oz-in/pKamp (.068NM/pKamp)

Haximum Speed (at 32V)
Peak power at 2500 RPM and
max torque

Motor constant (Hax)

Back EMF Constant

Kotor Time Constant

DC Resistance (each phase)

3000 BPM
103 watts

16 oz-in//watt
0.00758 volts pk/RPM
2 milliseconds

0.41 ohms

Total AC Impedance (each phase) 0.65 ohms

Inductance (each phase)
Drag Torque near zero speed

0.8 millihenriles

0.6 oz-in

(Bearing and windage)

(Magnetic) 0.15 oz-in
Drag Torque at 3000 RPM

(Bearing and windage) 1.5 oz-in

(Magnetic) 0.9 oz~in
Efficiency at 2500 RPM

(Max Torgue) 76%

(20% Torgque) 87%

TABLE 2-1
2-2




SUBSYSTEM CHARACTERISTICS

Input Power
Torque Command Signal
Torque Command Scale Factor

Peak Power at 2500 RPM and
max torque ‘

Qulescent power at zero speed
at constant 3000 RPM
Efficiency at 2500 RPM (Max)

(Min)
PWM Frequency
Type

28 + 4 VDC

0 to +5 VDC
10.8 oz-in/volt
0.076 NM/volt
9.6 oz~in/pk amp

187 watts
8.5 watts
13.5 watts
59%

52%

4.8 KH=z
Brassboard

i
e




CO&CLUSIONS AND RECOMMENDATIONS

The High Torque DC Motor tested for thlS report showed
a definite advantage over an AC motor for meeting ST
satellite requirements. The DC motor inherently has
much higher torque and is much more efficient for use
in a reaction wheel, The DC motor also tends to be
much more efficient at low torque levels than high
torgue levels indicating even higher efficiency when
operated at low duty cycles. The biggest disadvantage
of this motbr is the drag torgque of the fotor magnets
on the stator iron. The magnetic drag amounts to 50%
of the bearing and windage drag at maximum Speed and
20% near zero speed.

The magnetic drag of the brushless DC motor can be
eliminated by usSing an ironless stator. This type of
motor construction would also run more efficient since
the stator core losses would be reduced. The stator
core losses of the standard motor are significant at
high teorque levels since they are proportional to the
square of motor current. The ironless siator'brushless
IC motoxy would be the next logical step of investigation
if it is desired to have increased performance over the
standard brushless IC motor.

There were several areas of the motor design which
raguires improvement. The first is the stator iron.
The stator core losses, although negligible at low
torque levels, proved to be significant at high torque
levels, These may be reduced by increasing the amount
of jiron in the stalor. The Hall sensors were located

: REPRODUCIBILITY OF THE
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on the stator laminations, Although this location is
satisfactory at low torgue levels, the amount of stator
flux pickup became significant at high torque levels
leading to current waveform distortion.

For future designs, the Hall sensors should be moved
out of the stator field. An obvious solution is an
external (to the motor) position resolver. This would
require additional cost however and a hetter method
would be to place the Hall sensors at the sides of the
rotor magnets. This would reduire that axial wheel
motion be limited so as not to affect the scale factor.
Perhaps the best method would be to extend the rotor
magnets axialy so as to overlap the stator winding end
turns and place the Hall sensors in this location. No
matter which method is chosen it is desirable to have
the position sensors mounted so as to allow peaking
and balancing of the motor torque under dynamic test
conditions.

The armature reaction effect will be small Zor an iron-
less stator motor due to the large air gap. Therefore,
this type of motor would be able to operate satisfactorily
with Hall elements located on the stator.

VPP S s S e e i et e e T RO s B m e b 2 e o e o [



TEST RESULTS

The High Tordue'DC Motor was tested as part of a sub-
system which included a Pulse Width Modulated (PWM)
Drive Electronics and a 50 foot-pound-second Reacticn
Whenl Assembly (RWA). The primary parameters of inter-
est were reaction torque and power. The motors reaction
torque was measured by suspending the RWA from a strain
gage torque cell with the spin axis vertical., The nat-
ural resonance of the suspended spring mass system was
4.14 Hertz. This necessitating filtering of the torque
indicators output with a 0.1 Hertz low pass filter.
Since the RWA takes six minutes to change direction of
maximum speed at maximum torque, this filtering was not
considered detrimental.

Power measurements wuvir made with a wattmeter which ob-
tains a wattage reading by electronically multiplying
the current signal by tLhe voltage signal., Subsystem
power measurements are casily measured since they are
basically DC levels. The¢ motor power measuremenfs,
however, posed a problem in that the voltage across the
motor is pulse widih modulated at a frequency of 4.8
kilohertz. Although the fated frequency response of the
wattmeter is 2 kilohertz, it is believed that the watt-
meter was responding wilh reasonable accﬁracy for these
testis,

The RWA Drive Electiruntics was controlled by a speed
controller modified tu use the RWAs

spare set of Hall résolvers as a tachometer. The speed
controller put out a torque command voitage adjustable



from 0 to +% volts. The 5 volt torque command corres-
ponds to maximum motor tordque.

The RWA could not be operated above 2600 RPM at full
torque and 28 volts DC buss voltage because of the motor
back emf being higher than planned (see motor discussion).
Although the motor could be run at 3000 RPM with either
an increased DC buss voltage or lower torque command, it
was decided not to rum the motor past 2600 RPM for these
tests.

The peak motor current was limited to 6 amperes thus
limiting the maximum torque level to 50 ounce inches.
Although the motor and drive electronics were capable of
being operated at a higher current (torque) level, the
"armature reaction effect'" on the Hall position resolvers
was too great at higher levels for satisfactory operation
(see motor discussion).

The reactiion wheel was coperated in vacuum with a wheel
cavity pressure of 100 to 150 microns maintained through-
ouft all tests to keep windage losses constant.

In addition, a repeatable bearing preload from unit build
to unit build was accomplished using Belleville washers
(springs) which were captured in special adjusting nuts,
threaded into the Beryllium bearing support housings.
These preload nut assemblies (two per unit), are ad-
Justed so that the spring is approximately .005 inches

from flat bottom. Once this deflection is achieved, a .
42 BISTONTICRILITY OF Ti
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thrust load of approximately 9.0 pounds, based on the 4
spring's spring rate, is applied to each bearing outer
race in the spin axis horizontal position.. .

Since each preload washer still has .005 inch hefore
the flat botiom position is reached, the flywheel has a
total axial end share of ,010 inch. Therefore, a re-
peatable preload of approximately 9 pounds is achieved
by always adjﬁsting the preload nut assemblies to yield
an axial end shape of .01 inches.

TORQUE CHARACTERISTI(S

The reaction torque characteristics of the subsystem

are shown in Figure 4-1. The subsystem was operated
at nominal buss voltage (28 VDC) and with five different
torque command level= ihrough four quadrants (modes of

operation) arbitrarily designatled.

I - Counterclockwise Acceleralion

:II - Clockwise Deceleratiaon

I1I - Clockwise Acceleration

IV - Counterclockwisc UDeceleration

Quadrants I and II correspond to positive reaction torque
ocutput whereas quadrants III and IV correspond to negs-
tive reaction torque output.

The reaction torque values for the five torgue commands
in each quadrant wer+s 1read from the curves every Z50 RPH,
A least sguares stiraight linc was then fitted to each
set of data at each =speed to determine the torque command
scale factor. The ¢oefficient of correlation was deter-
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mined for each regression line with the lowest correla-
tion being 0.995. The results of these computations are
shown graphically in Figure 4-2 and are tabulated in
Section 8.0. Immediately apparent is the different.
scale factors between positive and negative torque com-
mands of about 7%. This is due primarily to the armature
reaction effect of the Hall resolvers. Also apparent

in the graph is the primarily positive slope during speed
acceleration and the primarily negative slope during de-
celeration., This effect is due to the change of the
motor from acting as a motor during acceleration to s
generator during deceleration. The total torque scale
factor for all conditions is 10.7 ounce inch per volt
+13% (38¢). The scale factors for positive and negative
torques, respectively, are

(+) 10.34 ounce inch/volt +8% (3¢q)
(~) 11.08 ounce inch/volt +8% (o)

The above scale factors were determined from the reaction
torque curves of Figure 4-1.. The torque scale factors
were also computed from the motor power curves (see

Section 4.2) and are lisied here to show concurrence of
data.

(+) 10.71 ounce inch/volt
(=) 11.47 ounce inch/volt

It can be seen that there is less than 4% discrepancy
between the two methods,
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The drag torque of the RWA with the AC motor installed
was measured and approximated by a straight line of

TAC =0,34 x 8 + 0.45 ounce inch

where TAC = drapg torque with AC motor
5

motor speed in KRPM

Using the same method (measuring rundown rezction torque
with motor windings open) and with the same hesring pre-
load and wheel cavity pressure, the drag tordque for the

High Torque DC Motor was determined to be

Tpe = 0.60 x 8 + 0.60

Thus, the DC motor, assuming no error in setiing bear~
ing preload, has about 0.15 ounce inch additional zero
crossing torque. The magnetic drag of the rotor magnets
on the statoéyr iron amounts to 0.26 ounce inch per 1000
RPM or an additionzl 0,78 ounce inch of torgue at 3000
RPM.

The torque scale factor was computed by fitting a least
squares straight line to five points of torque command
voltage vs reaction torgue at given speeds. The slope
of this line is the torque scale factor and the inter-
- cept or bias should be the drag torgue given a linear
system. These biases were plotted and are shown in
Figure 4-3.  These tlorque curves represent what may
be called "dynamic" diag torqueé and when averaged to-
gether yield a dynamic drag tordque of

T

DYN = 0.99 x S + 0.74
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This dynamic drag torque may represent additional drag
due to hysteresis and eddy current lesses, electronics
losses or simply non-linearity in computation. There
is still speculation at this time about the nature of
this curve. Data presented in the next‘section supports
the open motor drag torque curve and therefore is the
one purported to be the true motor drag torque. All
three curves are presented graphically in Figure 4-4,.

POWER CHARACTERISTICS
The sine and cosine motor phase powers were plotted
against speed in the same manner as the reaction torgue
of section 4.1, The data was also summarized in a
similar fashion for computer analysis. (See section 8
for curves and tabulations.) Least squares straight
lines were fitted to the total moior power vs speed
curve at each torque command level and for positive
and negative reaction torques. The slopes of these
lines were assumed itc be directly proportional to the
torque scale factor and another least squares straight
line was fitted to the slope vs torque command data.
The line was forced through the origin and the resultant
slope represenied the torque scale factor. Following
are the secale factors for positive and negative torques,
respectively: )

)
(+) 10.71 ounce inch/volt
(<) 11.47 ounce inch/volt

Since the torque command voltage is proportional to
motor current (this is not entirely true because the

4-10




araature reaction effect on the Hall position sensors
causes not only distortion of the current waveiorm
proportional to current, buit also some positive feed-
back effecte), the interceptis of power vs speed curves
are proportional to the IZR losses of the motor and
wiring. Thus by setting the interceptis proportional

to the torque command voltage squared and fitting a
gtraight line through these peints and the origin, the
12R constant can be computed. The RMS current as shown
in the pictures of section 4.5 is approximately 0.8

amps RMS per volt o0f torgque command, Using the aversage
Izﬂ constant of 1.2 Watts/volt2 and 0.8 amps/velt, the
eifective resistance of the motor is computed to be 1.88
ohms or 0.94 ohms per phase., The measured DC resistance
was 0.62 oms. The measured DC resistance was 0.41 ohms

plus 0.2 ohms wiring and an additional 0.24 ohms of AC
losses at 100 Hz.

The steady state power of the subsystem was measured at
zero speed and +3000 RPM. The speed control circuit
was used to keep the speed constant while the measure-
ments were made, The buss supply voltage was then
varied +4 volts DC.

Subsystem Power

Speed 24V 28V 32v
0 6.0 8.5 10.8
CW 3000 11.6 13.7 15.4
CCW 3000 11.4 13.2 15.1
0 5.8 7.4 9.4 (motor open)

4-11




Spin Motor Power

Speed - 24V 28V - 32V
)] 0.3 0.6 6.9
CW 3000 6.5 6.5 6.8
ccw 3000 5.3 5.4 3.5

For the subsystem power at zero speed, the guiescent
power is clearly proportional to the voltage squared
thus representing 12R losses in the electronics. The
difference between zero speed and maximum speed sub-
system powers should represent the spin motor power re-
guired at maximum speed. The measured spin motor powers,
however, are higher by an amount partially accounted
for by the 12R losses of the 4.8 KHz PWM ripple current
in the motor circuit. This is evident by comparing the
subsystem power at zero speed with the motor in and out
of the circuit.

The stable spin motor power is also representative of
drag torque at constant speed. Using the spin motor
powers at 43000 RPM and the motor torque constant de-
veloped earlier, the drag torque at 3000 RPN is computed
to be 2.2 ounce inch which agrees closely with the
measured drag torque.

The effect of the supply voltage buss change from 24

volts to 32 volts was generally less than 10% throughout
the speed range. Interestingly,the subsystem required less
power at 3%V during motor acceleration. The effect on

the motor power was negligible and small differences ocb~
served were attributed to the electronics operation.

4-12




4.3

EFFICIENCIES

The reaction torgue vs speed, drag torque, motor power

and subsystem power curves mentioned in the previous
sections were also used to compute various efficiencies.
The motor efficiency was computed from the ratio of Re-
guired Power over Measured Power. The required motor
power is computfted from

P =?..h—i.—§-
R 1352
where TM = Motor Torque = Reaction Torque + Drag Torgue

w
1

Speed IN RPM

The motor efficiency is
2

E, = 100 2%
M

The efficiencies were computed for each Torque Command
Yoltage from 1 to 5 volis every 250 RPM. The range of
efficiencies was then plotted vs speed as shown in
Figure 4-5, The motor efficiency is obviously zero

at zero speed and is a function of speed. It is also a
function of torque with the highest efficiency occurring
at the lowest torque level. Thus, it can be seen that
the motor is approaching 90% efficiency at maximum speed
and low torque levels and 75% efficiency at maximum
torque. '

The subsystem efficiency was computed from
P

- 100 R
ES = 100 PT %

O, S -~ =g S - :



where PT = Total SBubsystem Power

As above, the subsystem efficiency was plotted vs speed
and is shown in Figure 4-6. The efficiency is again
zero at zero speed and is about 55% at 2500 RPM, The
tendency is for maximum efficiency at about 1/2 torque.
The range of efficiencies with torque command is lower
than the motor being generally less than +4%.

The electronics efficiency was computed from

Py
B PT
and is shown in Figure 4-7,. The efficiency tends to

dip down to about 36% at zero speed and rises to about
65% +5% at 2500 RPM. It should be noted, however, that
the electronics are breadboard and were not designed

to permit highest efficiency.

The guiescent power (PQ) of the subsystem at zero speed
was measured as 8.5 watts and this power was used to
compute the effective efficiency of the H-Bridge or

p
~ M
By = 100 @2 %

The results air 2 shown in Figure 4-8, The H-Bridge
efficiency appears to be generally about 70% over most
of the range and rising to 75% +5% at 2500 RPM. As
with the motor, the H-Bridge efficiency tends to be

higher at low torque levels and lower at high torgue
levels,

4-~14
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4.4

The efficiencies of the electronics must not be taken
too strongly since no attempt was made during circuit
modifications at reducing power coasumption. This was
because the main object of this study was the motor
characteristiecs, Future circuits would naturally employ
optimization techniques for increasing electronics power

efijiciency.

TORQUE TRANSIENTS

The RWA was tested for torque transients with step

torque commands of +10%, +20%, +50% and +100% of maximum

at C¥ 2600, CCW 2600 and zero RPM. The filter across

the output of the torque indicator was removed for these tests.
The resultant torque graphs are shown in Section 8, Figures
8-16 to 8~27. The 4 Heriz oscillation frequency of the spring
mass sysiem is apparent in these graphs. Also the slew rate

(15 inches/second) of the plotter is evident. However,

an observable time constant of about 1/2 second can be
seen in the graphs with maximum torque command. This tinme
constant did not seem reasonable so a preset counter and

digital printer were used to time wheel revolutions
during the transient. The digital measurement system

was able to time every third reveolution or about 70
milliseconds between prints at 2600 RPM. These readings
were converted to speeds and plotted by computer as
shown in section 8, Figuves .8-28 to B8~42.

It appears from these graphs that the step torque com~
mands resulted in constant speed-time slopes or constant
torque levels with no time constants in the 500 milli-

second range,
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4.5

The apparent {time constant in the reaetion torque graphs
are therefore attributed to limitations of the test
equipment and not to the RWA subsystem.

CURRENT WAVEFORMS

Pictures were taken of the High Torque DC Motor currents
to show the effect of armature reaction on the Hall
resolvers. The RWA was operated at CW 1250 RPM with
torque commands of +20%, +50% and +100% of full torque.
The RWA was also run at CCW 1250 RPM and +100% of full
torque. Figures 4-9 and 4-10 show the effect of arma-
ture reaction or the sensitivity of the Hall rotor posi-
tion resolvers to the stator electromagnetic field.

The clipping (flat topping) of the current w.veforms is
due to electronic current limiting but the remainder of
the distortion is due to armature reaction. This is
evident by comparing Figures 4-11 through 4-16 where
conditions were the same except for motor current, The
low current pictures show much less distortion than those
at high current.

The motor currents of Figures 4-11 and 4-12 were sub-
jected to a Fouier harmonic analysis t, determine the
amount of distortiom in the waveform. The results
shown in Table 4-1 indicate that for accelerating torque
at 1250 RPM, the harmonic power loss was 3.5% and 8.9%
for decelerating., The average torque producing currents
were 4.14 amps RMS accelerating and 3.77 amps RMS de-
celerating, a difference of 9%. These differences are
attributed to armature reaction effects on the Hall
resolvers,
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The effect of the back EMF of the motor on the current

at maximum speed can be seen in Figure 4-~17. The peaking

of the current at maXimum is a result of insufficient

buss voltage to supply the demanded current. At higher £

buss voltage this effect disappears and likewise at
lower back EMF's.




P

CURRENT HARMONIC ANALYSIS
1250 RPM CW ACCELERATING

RATIO TO POSITIVE
CURRENT-AMPS~-PEAK SEQUENCE CURRENT POWER COMPONENT

S IN cos SIN cos SIN cos
PHASE  PHASE  DHASE PHASE PHASE PHASE
FUNDAMENTAL 6.2477 5.4694  1.06642  .93357 _— —
+1 5.8586 5.8586  1.00000 1.00000  .500000 500000
-1 .3891  .3891  .06642 .06642  .002206 002206
) .7024  .0644  .11990 .01099  .007188  .000060
3 .3950  .8269  .0674  .14115  .002273 .009962
5 .6144  ,0578  .10488  .00986  .005500 .000049
7 .1677  ,0742  .02863 ,01267  ,000410 ,000080
9 .0709 .01211 ,000073
4.8KHz .4000  .4000 .0GR23  .06828  ,002331  .002331
TOTAL HARMONIiC POWER PER PHASE .019907  .014761
TOTAL HARMONIC POWER . 034668
TOTAL POSITIVE SEQUENCE POWER 1.000000
1250 RPM CW DECELERATING
FUNDAMENTAL 4.1567 6.5080 77953 1.22047 —— —
+1 5.3323  5.3323  1.00000 1.00000  .500000 .500000
-1 1.1756 1.1756 .22047  .22047  ,024304 029304
2 .2012  .5952 03774  .11163  .000712  .006231
3 .9154  .6905  .17168  .12949  .014739 .008384
5 1993  .2790.  .03737  .05232  .000698  .001369
7 .1529  .1955 .02867  .03667  .000411 .D00672
9 .2454 .0735 .04603 .01379 .001059  .0000%5
4.8 KHz .4000  .4000  .07501 ,07501  ,002814  ,002814
TOTAL HARMONIC POWER DER PHASE 044735  ,043868
TOTAL HARMONIC DOWER | .088603
TOTAL POSITIVE SEQUENCE POWER 1.000000
TABLE 4-1
4-22
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5.0 BRUSHLESS DC MOTCR

5.1 DESCRIPTION AND HISTORY
The high torgque IC moitor consists of a permanent magnet
rotor located outside of a two phase wound stator. This
type of construction employs a roior comprised of ten
alnico 9 permanent magnet segments positioned and em-
bedded circumferentially in a soft iron pole structure.
A photograph of this type of motor is shown in Figure
1-1. The multipolar design insures a high torque and
minimizes space and weight. This machine is designed
to develop up to 30 oz~in of torque. The stator is
wound for two phase operation with two pairs (for re-
dundancy) of Hall elements located in the motor air gap
for rotor position sensing.

This type of motor has been built successfully and
tested for the Roll Reaction Wheel which was to be used
on the Earth ILimbs Measurements Satellite before the
program was cancelled.

5.2 DESIGN FEATURES

5.2.1 ¥Winding Placement

After tests were periformed on the ELMS motor it was
discovered that the Hall devices which were assembled
in grooves placed into the stator at the motor air gap
were not properly located. After much analysis the
conclusion was reached that the cause for the shift
must be due to the fact that the coils were lap wound
into the stator. The lap winding places one half of
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the coil in the bottom of a slot and the other half at
the top of a slot., Since the slois are long and narrow,
the axis of the coil is considerably shifted off the
radial direction. The theory is that the stator flux
pattern does not faithfully follow the teeth but tends
to flow perpendicular to the coils.

In order to avoid this undesirable error, the winding
for the high torgue motor was modified to insure that
the coils are all perpendicular to the teeth. This

was accomplished by placing the individual coils either
totally in the bottom of slots or totally in the top

of slots.

5.2.2 Winding Determination
The windings were designed to give full torque of
50 oz-in at 3000 rpm when operated from a 20 volt zero
to peak square wave, This is equivalent to (4/)(20) =
25.95 volis peak sinusoidal excitation. The back EMF
was calculated to be 0.00744 volts peak/rpm and actually
tested 0.00758 volts peak/rpm. The correlation was
good but, unfortunately, the excitation differed from
the square wave assumed. The actual excitation is a
pulse width modulated wave of 0 to 20 vcolts which makes
it a 20,0 volt peak sinusoidal wave. For this reason
the back EMF was high and the high speeds were not
attained.

5.3 MOTOR TEST RESULTS
Refer to Figure 5-1 for a listing of pertinent motor
parameters discussed in the following paragraphs.



5.3,1

5.3.2

Back EMF Constant

The motor was placed in a test fixture and the shaft
driven by an external motor. The voltages generated by
the windings at various sSpeads were recorded. The hack
EMF was then calculated to be 0.00758 volts peak/rpm.

The maximum torque constant is calculated to be 1352
times the back EMF constant. For this machine it is
10.25 oz-in/amp peak. This torque constant is attainable
if the commutation angle is exacily at 90 degrees,

Hall L.ocation Tests

After the reaction wheel was assembled some simple
tests were run to determine the accuracy of the Hall
placements. These tesis are described pictorially in
Figures 5-2 and 5-3. The tests were run in numerical
sequence. One set of Hall elements were series input
connected and set to 40 milliamps and the millivolt
outputs were recorded for different rotor positions.
Test 1 indicated that with 2.5 amps flowing through

the A winding a field was estabklished attracting a

S pole (assumed polarity) of the rotor. With this set
of conditions the A Hall element generated 23 mv and
the B Hall elements generated 72 mv., After the excita-
tion to winding A was removed Test 2 gave the Hall
outputs for the same rotor position. ©Note that the
diagrams show only two poles when in reality the machine
has 10 poles and the rotor had a pdssibility of five
distinct positions where it could line up.

5-3
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Test 3 was run with the B winding excited and the rotor
turned 90 degrees electrically from Tests 1 & 2. Test
5 was run with both windings excited givingthe:rotor a
45 degree electrical position. Similar tests were run
with reversed stator currents as shown in Figure 5-3.

The question arises if the Hall locations are accuiate.
Tests 2, 4 and 8 indicate that they are fairly well
located, where one element reads at a high level and the
other at a mull. But test 10 indicates considerable
error.

Comparison of test 6 to Tests 2 and 4 indicate that the
wave shape is not sinusoidal. One would expect that
the Rsll outputs of test 6 to be sin 45° or 70.7% of
the "maximum' outputs of tests 2 & 4. They are instead:

Hall A %- = 84.29

Hall B “%‘Bl = 95.2%

Comparison of test 12 to test 8 indicates similar dis-
tortion.

The odd numbered tests give an indication of distortion
of.the air gap flux field due to stator flux. These
tests do not represent actual running conditions of the
motor since the rotor should never be line up with the
stator field but should be in elecirical quadrature,
Regardless of that fact, one would expect Hall A of test
1 to be at a low null value, It measured 23 mv indicat-
ing distortion of air gap flux.

5-4
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REACTION WHEEL TEST RESULTS

Current Wave Analysis

In order to verify the motor design and try to explain
its losses it proved necessary to analyze the current
wave sShapes of the motor windings. The currents for
clockwise rotation both accelerating and decelerating
at 1250 rpm and 5 volts command are given in Figures
4-11 & 4-12. These photographs were anal?zed by Fourier
series and the results are given in Table 4-1,

The useful current into the brushliess DC machine is the
balanced two phase current that will produce a constant
magnitude 10 pole magnelio-motive force wave in the air
gap of the machine, This is called the positive sequence
(+1) current system. Since the fundamental currents of
the two phases are not equal, there will be a negative
sequence (-1} current system which will not produce any
useful torque but will consume power. Similarly, all:
the harmonics of current will not produce useful torques
but will consume power. Table 4-1 shows the magni-
tudes of the harmonics, the relative magnitude to the
positive sequence, and ihe heating value of these com-
ponents. For the clockwise accelerating mods at 1250 rpm
the useful current is 5.86 amps peak per phase and the
total harmonic power into the motor plus leads is 2.47%
of the conventional copper losses. For the decelerating
made the useful current is -5.33 amps peak per phase and

the harmonic power adds 8.86% to the conventional copper
losses.



Power Flow Diagrams _

Using the current wave analyses, reaction‘wheel mea-~
surements, and motor measurements a power flow diagram
can be constructed to explain the power flow to the
motor and reaction wheel.

Figure 5-4 shows the power flow diagrams for 1250 rpm cw
accelerating and decelerating at maximum torque. In each
case, it can be explained from right to left. For the
aceelerating case the reaction wheel torque was taken
from the plotted curves (Figure 8~2) at full command
voltage of & volts accelerating in the clockwise dir-
ection., The power output is simply the reaction torque
times the speed divided by 1352 (or 53.25 x 1250/1325 =
49,23 watts)., The friction and windage is given by the
rundown test of the AC mofor shown in Figure 4-4, The
AC motor curve gives the required information hecause
the friction and windage conditions are identicai to the
High Torque DC Motor case with the additional feature
that no magnetic field is present in the motor.

The input to the reaction wheel or output of the ideai~
ized brushless DC motor, 50.04 watts, is the reaction
wheel output power plus the friction and windage power.

The motor rotior experiences a magnetic drag with rotation
due to the varying magnetic flux that it produces in the
stator, This is also given in Figure 4-4 and is the
friction and windage portion (AC motor curve) subtracted
from the DC motor open winding curve.



The copper loss of the stator, 14,08 watts, of the
idealized machine is the positive sequence peak current
squared times the winding resistance of 0,41 ohms.

The stator core loss was determined by making impedance
measurements of the motor. The effective resistance at
104.2 Hertz which corresponds to 1250 rpm was measured
and the DC resistance subhtracted to give the portion
of resistance attributable to core loss., This has a
value of 0.24 ohms per phase. The stator core loss
then is simply (5.86 amps)? x 0.24 ohms or 8.24 watts.

Summing the motor output power and the three types of
motor losses gives the idealized motor input of 72.80
watts, {

The wiring external to the motor was measured at 0,20
ohms. This dissipates 6.87 watts at 5.86 amps peak
positive sequence current.

The harmonic analysis of the current resulted in 3.47%
additional copper losses due to the wave shape dis-
tortions and imbalance. This amounts to 0.73 watts
additional to the motor and wiring copper losses and is
shown as harmonic losses.

The toal accountable power input to the motor and
reaction wheel is 80.40 watts leaving 0.60 watt of
miscellaneous power or error to account for making the
total measured value of 81.0 watts.
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5.4.3

B

The decelerating case is calculated in a similar fashion
except that the power flow is running from the reaction
wheel through the motor and into the supply lines. In
reality, the brushless IC machine is acting as a gener-
ator.

For this case the current is -5.33 amps peak for the

positive sequence and the harmonics account for 8.86%
additional copper loss due to wave shape distortions

and imbalance.

Assuming the measured value of 23.0 watts of generated
electrical power as being accurate, there results an
error of 1.96 watts of unexplained additional power
generation.

Torque Constant and Power Angle

Referring to the power flow diagrams of Figure 5-4 one
can derive the apparent torque constant for the motor
in the two modes of operation. The torque constant is
defined as the air gap torque divided by the positive
sequence current., The air gap torque is the output
torgue of the motor plus the magnetic drag torque. For
the generator, the air gap torque is minus the output
tordque plus the magnetic drag torque. For this case the
current is also negative resulting in a positive torgue
constant,

Figure 5-1 lists the apparent torque constants 9.317
oz-in/amp psak for accelerating and 9.483 oz-in/amp peak
for decelerating. The maximum torgue constant is

e CTRTITY OF THE
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5.5.1

10.25 oz-in/amp peak as determined from the back EMF
constant, |

The torque angle is the electrical displacement of the
rotor filux wave and the stator flux wave. This is
ideally set for 90° but, shifts due to armature reaction
affecting the Hall ouiputs. The angle is calculated

as the sine of the ratio of the apparent torque constant
to the maximum torque constant and is given in Figure
5~-1 as 114,64 and 112.31 electrical degrees.

ANALYSIS

At this point it would be helpful to study briefly the
operation of the brushless DC machine with Hall devices
in the air gap. '

Brushless DC Motor - No Armature Reaction

Figure b-5 gives a simplified representation of a two
pole brushless DC machine. The rotor is represented
by a bar magnet and the stator is represented by two
Hall elements and their corresponding windings. Hall
element A senses the vertical flux that passes through
it and Hall element B senses the horizontal flux that
passes through it., Winding A produces a flux along its
axis which is horizontal and winding B produces a ver-
tical flux,

This dlagram shows the ideal operation of the machine
where the Hall devices sense only the rotor flux and
produce currents in the windings which in turn produce
stator flux in quadrature to rotor flux. At the rotor



5.5.2

position shown Hall A is at a maximum and winding A is
drawing meximum current. The B circuit is at zero. As

the rotor turns clockwise (upper diagram) the flux vector
system follows synchronously so that a uniform torque is
developed for all positions. The torque is proportional

to the product of rotor flux, ¢R’ stator flux, ¢S’ and the
sine of the angle between them. The convention for the torgue
direction is that the rotor flux vector tries to align with

thé stator flux vector.

The lower diagram shows the motor operation for counter
clockwise torque.

Brushless DC Motor - with armature reaction

Figure 5-6 represents the more realistic vector diagram
for the flux vectors of the brushless DC machine with
Hall devices in the air gap. The actual flux that
passes through the Hall resolvers is not just the rotor
component as assumed in the previous paragraph but the
total flux, gp, which is the vectorial sum of g, and

¢s .in the air gap of the machine. This flux is sensed
and a statoer field is produced in guadrature to it.
This effect is called armature reaction. The torque is
proportional to the product of gp, ¢g, and the sine of
the angle between them (torque angle) as stated before.
Filgure 5-1 gives the torque angle that was determined
under a set of conditions, 114,64° accelerating and
112.31° decelerating. These can be considered close
encugh to be the same.
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5.5.3

By comparing the clockwise torque (upper) to the counter
clockwise torgque (lower) vector diagrams of Figure 5-6
one notices that there is the symmetry of torque magni-
tude and angle with direction of rotation. The conclus-
ion one reaches at this point in the analysis is that the
Hall devices are properly locatied.

Brushless DC Motor - with armature reaction and Hall
placement error

Suppose the Hall elements are both displaced relative

to the windings by an angle, 6, instead of 90° as they
should be. Then the machine will appear as shown in
Figure 5-7. Now the Hall devices sense the total flux,
¢y, and the stator field is located at 180°-8 or @
depending on the torque direction., Also, the magnitudes
of the stator fields, 7,, are not the same since the

S
magnitudes of ¢q Sensed in each direction are not equal,

Note the dissimilar vector diagrams for the two torque
directions. The winding currents and the torque for
the lower diagram are higher than the corresponding
values for the upper diagram.

From the data on the High Torque Motor it appears that
this type of misplacement of Hall elements does not
exist, but this is not positively proven. For instance,
the Hall placement tests of Par. 5.3.2 left some doubt
as to the accuracy of placement,



5.5.4

Another source of information that may produce some

doubt as to the accuracy of the Hall placement are the current

waveforms of Figures 4-11 and 4-~12, The distortions of
the wave shapes plus the fact that the waves were elec~-
tronically clipped could be hiding the fact that the
Hall elements are not ideally located but are being
compensated by circuitry.

Distortion at Air Gap and Skew

One undisputable source of error for this type of mach-
ine is the flux wave distortion that takes place in the
air gap of the machine. Since the Hall devices sense

the total air gap fiux which is not necessarily sinusoidal
and these in turn are amplified and fed to the windings,
there is a compounding of distortions. If the machine

has a large air gap, tihe distortions will be reduced

and the stator flux portion will be minimized.

Another source of flux distortion is caused by the stator
skew. The flux in the air gap tends to concentrate axially
as well as circumferentially in the areas of rotor to
stator attraction. The flux takes the least reluctance
paths available by following the skew of the stator.
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HiGH TORQUE BRUSHLESS DC MOTOR PARAMETERS

GENERAL
Number of Phases 2
Number of Poles 10
Outside Diameter 3.990 In.
Inside Diameter 1.627 In.
Overall Length 1.25 Inm.
Weight 21 0=z,
MOTOR MEASUREMENTS
Back emf constant 0.007588 Volts
Peak/RPM
Maximum torque constant 10.25 Oz-in/amp pesk
DC Resistance per phase 0.41 Ohm
AC component of resistance
per phase at 104.2 Hz 0.24 Ohms
Inductance per phase 0.80 Millihenry

REACTION WHEEL MEASUREMENTS AT 1250 RPM ¢ MAX. TORQUE

Accelerating Dacelerating

Apparent torgque constant

(oz-in/amp peak) 9.317 9,483
Torque angle (degrees electrical) 114.64 112.31
Torgue angle (degrees mechanical) 22.92 22.46

FIGURE 5-1

5~13

AL

ANt 3 ke et



23 my

%i e HALL A
W:A.{%NG 72 myv
— e S » N
——

2.5 AMPs Z/*MLL e

i’g W INDING 2
6
¢ -
-84 Mv -76 v
-8 MV q My l:"
— A ﬂ . AR ” .|
S

— '\LT?_.S AMPs
s

ll «
||

RN P

P sataad

( .
/.25 AMPS 4

T {62 ArFs

s

FIGURE 5-~2 HALL LOCATION TESTS 1 THROUGH 6

5-14

REPRODUCIBILITY OF THE

Y INTAT AT s
}'&'\ £( !3;‘\.&.5; p‘;' H T, F.‘; ?9{1\1




N
i
WINDING

Ty (”
.
2.5 AMPS
MHALL A

-223 MV
L= =¥ N HGLL A

=-8d-mv

[N - "5]

3 WinOING
1 8
7 8
8_3 My 8_2: myv
17 My z ta my <
— R ” . —_— L — ” .
] N
- %ia.'t AMPs %
3 /0
! St mv
! -59 my ~76 My
by 8§ @ — /ps’\ — R — - ::Y-
(17 ! %4
2629 APl
— il J e Arafs t%
'y /e

FIGURE 5-3 HALL LOCATION TESTS 7 THROUGH 12

5-15
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DRIVE ELECTRONICS ANALYSIS —

To obtain proper motor torque at éll speeds, the motor
current must follow the Hall voltage, in both amplitude
and phase, at all frequencies up to maximum speed. A
block diagram of the spin motor drive system is shown
in Figure 6-1 where:

L = Motor inductance + Hall current sensor inductance
= (0,82mH ‘
R = Motor resistance + DPWM power stage resistance +

Hall current sensor resistance = 1.0 ohm
Kq = Motor torque constant = 10.3 oz-in/amp
K, = Motor back emf constant = .00758 volts/rpm

Note that the Hall outlput voltage is assumed to be

in phase with the moior back emf. Since it is

required that the motor current (IM) follow the Hall
voltage (Vh) at all frequencies up to maximum speed,
the drive electronics must be designed to minimize

the motor current generated by the back emf (Vb). This
preblem is the conventional servo problem of minimizing
an unwanted disturbance, which means maximizing the
values. of Gz,G4 and GB at all frequencies of interest.

As the values of Gz, G4 and G, increase, however, the

amplifier bandwidth increases? From a stability
viewpoint, the maximum allowable bandwidth is set

by the PWM power stage, which contributes a sampled-
data-type vhase lag. The PWM design used in the
present system has a 9.6KHz effective sampling frequency,
and the electironics are designed to produce a loop
crossover frequency of 2500Hz, or about % of the pulse-

width-modulation sampling rate.
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As a result, referring to Figure 6-1,

G; = 10 V/v
S
1+ oS
G, (8) = 40 2”é625 VIV
1+ 3rlz.7
Gy = 0.5
G, = 5.23 V/V
Gy = .178
Gg = 26 V/V (for BT = 21vDo)
G, = 10 V/¥
Gy () = 1 AéV
* Zrieg
Gy = -03 V/A

Using these values, the scaled block diagram of
Figure 6~2 may be drawn. The open-~loop transfer
function, A(S), of the loop (for stability verification
only) is

ST

- meanp

— 2 —
A(S) = (GG, G )G G, , T = 1/9600 sec

where the transport lag approrximates the dynamics
of the pulse-width modulator.

Numerically,
1+.i... ..—._§...__......
A(S) = 823 2767 e 19, 200
(Lim—o) (14m—S—)
2m12.7 2m194

L3
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An asympiotic sketch of A{S) is shown in Figure 6-3,
The crossover frequency is 2500 Hz and the phase
margin is 30 degrees.

The transfer function relating motor current to
Hall voltage and motor back emf is

G GGGV -GV

Im = "a b cdh "db
1+GCGdGe+GchGde
66,0 V, (1+ 5oss) = 1.21x107° V, (i)
* h 211625 - b 2rl2.7

1+ Zri3ee) 1+ 373283
Since the developed motor forque is proporitional to
the magnitude of the component of Im in phase with
Vi and Vh (i.e. the real part of Im)’ this last
equation may be used for calculating torque roll off
as a function of frequency at 250 Hz (which
corresponds to 3000 rpm) the motor back emf equals
22,75 volts. With a Hall voltage of .0736V
{(corresponding to the maximum torque output of 50'02/1n)

ReIm = 4,690 amps

At zero frequency, with Vh = ,0736V,

ReIm = 4,858 amps.

Thus, the torque reduction due to frequency effects

is 3.4% (~.3 dB) at 250 Hz, and the amplifier frequency
response is adequate,
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Up to this point it has been assumed that sufficient
battery voltage is available to both overcome motor
back emf and supply the current required to produce
the commanded torque. The required battery voltage
is given by the expression:

VB=VA+IR+wa

where:
VB = required battery voltage

VA = constant voltage drop in drive amplifier = 2V max

I

If

peak value of commanded drive current = 5.13 amp mRx

I

motor resistance + drive amplifier resistance +
Hall current sensor resistance = 1,0 ohm
K, = motor back emf coefficient = .00758 volts pk/rpm

W = motor speed = 3000 rpm max

Thus, for the condition of maximum current (i.e. meximum
torque) and maximum speed, the required battery

voltage = 29,9V, For VB = 28V, the maximum speed at
which maximum torque can be achieved is 2750 rpm.

For Vg = 24V, the maximum speed at which the maximum
torque can be achieved is 2230 rpm.

If z=ystem requirementis dictate that maximum torgue

be achieveable at 3000 rpm, with the present motor
design, a bhattery voltage of 30 volts must be provided.
If this is not practical, the impedance of the motor
can be lowered (by a winding change) permitting
operation at higher current and lower operation,



7.0 TEST EQUIPMENT
The following equipment was used for testing the High
Torque DC Hotor and RWA.

Description Manufacturer Model No. Accuracy
Torque Cell Lebow 2105-100 0.1% Linearity
Torque Indicator Lebow 7521 0.1%, 0~400 Hz

£Z~¥Y Plotter
Vatimeter
Current Probe
Ozxcilloscope
EBultimeter

Preset Counter
Digital Recorder
Power SBupply
S8peed Control

Hewlett Packard 70464
Industrial Test Eq. 5125

Tektronix P5042
Tektronix 5454
Fluke 8375A

Hewlett Packard 5330B
Hewlett Packard 5050B
Power Designs 36250A

Bendix

7-1

0.2%

2%, 0 to 2 KHz
3%

3%

0.02% DC, 0.7% AC
0.01% Otms

5 PPM
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8.0

TEST DATA

This section contains all of the performance test data
taken during subsystem tests ¢f the High Torque DC
Motor in the 50 fi-lb-sec Reaction Wheel Assembly.

PERFORMANCE DATA

The performznce data consists almost entirely of X-Y
plotter curves with the exception of stable power mea-
surements at constant speeds and digital torque transient
data. All the curves consist of either torque vs speed,
torque vs time, power vS speed or speed vs time (digi-
tal) data., A list of this data is found in Table 8-1

and the data itself follows Table 8-5.

The digital transient torque data consists of single
wheel revolution times for every third wheel revolution.
The revolution time period was converted to speed by

- 80
s, = 5 (RPM)

where Pi = Time period for ith revolution

The data points were converted to a time vs speed curve'
by the following

TO = {

Ti = Ti-l + 3 Pi
8o = BO/PO

8, = GO/Pi-So

A least squares straight line was fitted to the points



8.2

indicated on the computer sheet and the torque computed
from this is
TRQ = I K m (0oz-in)

where

I = 30.24 = Rotor Inertia in (oz-in-secz)

m = slope of least squares line in (RPM/sec)
K = 20 (RAD/SEC)

60 RPM

The sign of the torque in the result represents only
accelerating or decelerating torque and is not in rela-
tion to reaction torque.

COMPUTER DATA ANALYSTS

A computer was employed for the purpose of determining
the High Torque DC Motor characteristics from the data
curves, Four of the curves were used in this analysis:
Figure 8-2 Reaction Torgue vs Speed

Figure 8-10 Subsystem Power vs Speed

Figure 8-11 Motor Cos Phase Power vs Speed

Figure 8-12 Motor Sin Phase Power vs Speed

Vertical lines were drawn through the curves every 250
RPM and the values of intercepts with each curve coded
for computer analysis.

The first data reduction consisted of fitting regression
lines to the Reaction Torque vs Torque Command Voltage
at each speed and each guadrant of eperation (positive
and negative torgues and positive and negative wheel ro-
tation). The motor torque was computed for each reac-
tion torque with the equation:

AT Ty OF T
A% E)Lbﬂ:ﬂll oF Ak
T %gg&ﬁﬂ_- PAGL 15 BUME

S %



where
TD = Drag Torque = 0.0006S + 0.6
5 = Speed in RPM

The required motor power was conputed for each reaction
torque from
PR = TMS
1352

(watts)

The resultant efficiencics for each point were computed
from the following

Pe
= 100 % = Motor Eff.
“u Pgrn *+ Peos)
E; ~ 100 ®Psin * Poos) % - Elec. Eff.
Prorar,
E, = 100 Psin * Poos’ % - H-Bridge Eff.
ProranPo’
Eg = 100 _FR % = Subsystem Eff.
ProraL
where

PSIN = Sin Motor Phase Power
pCGS = Cos Motor Phase Power
b = Subsystem Power

TOTAL
P. = Quiescent Power = 8.5 watts

Q

The efficiency data was then summarized in Tables 8-2 and
8-3. The data computed from the regression lines of Re-~
action Torque vs Torque Command Voltage at constant speed



was summarized in Tablie 8-4. 1In addition, a regression
line was fitted to the intercepts of these regression
lines. Also, an average and standard deviation were
taken of the slopes.

The total motor power was summarized in Table 8-5,
Regression lines were fitted to the Power vs Speed data
points for each Torque Command Voltage and both positive
and negative torques. The slopes of the regression lines
vs torque command voltage were fitted to a least squares
straight line through the origin. The intercepts of the
straight lines vs torque command voltage squared were
also fitted to a least squares straight line through

the origin,

The computer printout containing the original data fol~
lows the analog data after Figure 8-42,

8-4



FIGURE

8-1

8-2

8-3

8~4

8-5

8~-6

87

8-8

8-9

8~10

8-11

B-12

8-13

8~14

8-15

§-~16 to
8-19

8-20 to
8--23

8-24 to
8-27

8-28 +to
8-35

8-36 to
842

PERFCRMANCE DATA
TITLE
STABLE POWERS
REACTION TORQUE VS SPEED
CW DRAG TORQUE
CCW DRAG TORQUE
CW LOW SPEED DRAG TORQUE
CC¥ LOW SPEED DRAG TORQUE
ZERC CROSSING TORQUE
CW AC MOTOR DRAG TORQUE
CC¥ AC MOTOR DRAG TORQUE
SUBSYSTEM POWER VS SPEED
COS MOTOR POWER VS SPEED
SIN MOTOR POWER VS SPEED
SUBSYSTEM POWER FOR 24 AND 32 VDC BUSS
COS MOTOR POWER FOR 24 AND 32 VDC BUSS
SIN MOTOR POWER FOR 24 AND 32 VDC BUSS
CW TORQUE TRANSIENTS FOR 0.5, 1.0, 2.5 AND
5.0 VOLT TORQUE COMMANDS
CCW TORQUE TRANSIENTS FOR 0.5, 1.0, 2.5 AND
5.0 VOLT TORQUE COMMANDS
ZERO SPEED TORQUE TRANSIENTS FOR 0.5, 1.0,
2.5 AND 5.0 VOLT TORQUE COMMANDS
C# DIGITAL TORQUE TRANSIENTS FOR 0.5, 1.0,
2.5 AND 5.0 VOLT TORQUE COMMANDS
CCW DIGITAL TORQUE TRANSIENTS FOR 0.5, 1.0,
2.5 %D 5.0 VOLT TORQUE COMMANDS

TABLE 8-1

\
=N



HIGH TORQUE NC_MOTOR SFFICIENCY

bﬁpth? gou_gﬁg:_ " e THUe 101)e 125Le 1500e 1750e 2006 «250as 25000

W LT

1 GQUJ.‘q.dH 56;91.9“061 16eld blelb 43625 52607 35664 U672 HTeZY
2 JeCl 39e706 94043 64693 Tleb5 T9e79 T3e87 R1ad3 B3e5/7 S3esT HYe34

3 NedU 3273 4Re03 58631 6520 6YeH3 T2e23 75640 T7e24 B8Uel7 2ielV
[
M

VelU 2T7e2R 4lePb 5188 58458 6b4eu3 6Te87 TCeTl 73639 T58B6 THel3
"?!Q9m25olﬁm}2:gg_49.15_§§:20 GLleB7 65495 68491 7lell TUeb5 75615

ELECTROMICS

} 2209]1 37014 3943 45497 64431 4£06e67 5Ce95 54446 5665 57e8] 57459
2 20075 3Be54 48e24 52427 H5e9F S5be22 61e81l 63eT]1 G4ab5 63020 68484
gt 38039 47657 55407 59612 0037 03039 65630 H0L06 LBeYD Lyelés TUeS3
[
L

64433 52420 55455 SHe33 60092 52eCE 63e45 65424 67439 08e7C 69499
40049 52445 57000 5Hal7 02608 6Leb4 62424 634654 65627 LYeYY 67697

H RRIDGE

74057 H1eRl 21455 85621 72422 72658 75671 78620 79e06 TBe72 79999

1

? S5Uell 59¢h7 GRe76 TCeblU 12e/0 T2oTT 1566 76045 76658 71568 TYe54
3 55012 6353 69426 69¢50 71003 72062 13067 T4e35 16elb (5e83 77e35
b
[

54436 £le55 blu"‘? 5519 LOeiS (LTebuw C2e55 7TUell 7153 7300l 7417
e SHeb3 5%FeHY 03430 63452 0Teus 64evl 60el8 67431 68eY] 7350 71s21

SUPSYSTE™

9800 13014 22437 G675 33678 3Ee52 bH2e45 46669 43457 Yuell 54412
Godd 15632 26e25 33695 40612 4helts 48477 51e75 56422 Y6680 57479

1

?

3 0e00 1599 26445 33689 3960 44027 4lel7 5Ce27 53419 29042 57952

4 Celdu 14e2b 23466 3040 35645 3Ge75 43403 46020 49446 52011 Sheb7

5

. vevy 13s10 2235 28655 5he2] 27632 6105 43486 66452 OeRb - SLalh

PR — - - - —— . —— — . ——— . — e —— e,

REPRODUCIBILITY OF THR

bl . e o L L PSS, 8__6 i - !\}!!rr‘b*tll ~ _‘,('A_.....__,_.‘ T e




HTGH T“”J“i.“c MOTOR EFFICILICY U
o 5KFED Us__ 250  5U0e  Thile 1U11e 1250e 1550s 17506 2000e £250e 25U0s
ol
. L MOTOR
1 €€ ACC Vvt 3Ret? 52234 hlede T3e96 TT7e74 Rue22 B82e40 f3e37 367 %4039
P LC OACE T Cesw 39034 B30T 03480 10 7T Theb4 7726 RDeTh BlevS hield Yhatia
3 T ACC Ceus 43022 4791 584729 65440 G9ebl T2e35H TS5l 79063 Hvegd Hlels?
& CC ACC Ceud 27690 41877 51efl 98275 Gheu3 6Ral/ 70ebl T3e44 fGabi T9elfs
-h L '\CC ) ;'IOU.:‘.’_&C_E“"\\ 3_"7.‘.‘3_‘_!-_‘{‘:_?:3 .tvu__:lS ﬁl ."5/ 6(”11“'_9_*_5!;{‘! l’:l'.-:t}:i‘_ 0!-6‘;‘ T6sdl
1 € ALL _’-.\Ju ‘_—3:_.‘.‘5 SJaPT7 OYMaly T8ali) BEe4 f.’»b_o_zc." U993 BT7e91 E¥al7 YUa20
2 Cn ACC T T0e JUTAOTIR BT 66a40 774bF 77404 30444 81eT1 B5a15 bhskl B6429
-4 Ly ACC dedu TP0a7? 408414 58,39 B4493 6£YeTH T2all 75«76 THa85 7Y%y HUe6H
TUTTRTCV AT T TGNT 27606 B1aC1 52605 BR.al bheus 67s57 7031 73.34 15.04 1710
5 € ACC Gl 25634 39410 449406 57435 6237 065672 69405 Tlel8 7346l 76aCY
ELFCTRONICS N
1 CC ACC 20083 32414 3%a25 G4a723 43417 4Ls60 9020 9397 Y5400 LHedb 99el9
9 CC ALT 2Te0i 37450 4AeP1 51a61 Bhe6) LT7e14 60086 53aUN 6362 GTadl GHabdb
4 CC /’t@C__}?_?_flU GTellt BA440 BT4.00 H5UH4  D2edU €4eT7Y HLeOOE GTell5 LEeLT HYeBY
& CCACC T0%a /T BTVA0 BEeCh GR.4L (0sdd G2e2l 63634 65e54 67elf GTaBE 6Oel?
5 CC ACC  4%e51 52417 HAe(2 SHa?4 600U Glaly 62045 6%0UY 65443 7296 54623
1 €u ACC 25evy 32els 40062 4Te?2 45e45 G791 5192 Fhe4d8 Hu,3% 5037 HUegd
- 2 G ALL 3Uanl 38 ebF A4Be27 524005 S56Gebl DGe30 OPeib blhoby GOl LGsll LHTeZs
3 C ACC 3%ell HNelN 56HeHO LYY H2.U9 Lhaell 065482 G0Oe0d TUeTh 6Fali 71 a6
TR N AU AT TR I B0 ST A B a3 6Cen2 51002 BZe63 0Bel5 G160 wYeb32 TUalll
e C'.‘. AL ‘*7035. BlaT2 570"'”* BHLU9 Hbald GBLeuy H2a00H 63419 HHablsy 07-02 GTeTd
M RRIDGE
1 €C ACTC T71e4? BleQl 7het7 HUe9% TUe%7 [LeYD The28 76047 T6aT4 76659 79659
T TR AT E? RGBT THEG AT T1wT2 7164 bbb 1590 15426 Tiold 1963
T €C ACC 3edy 2626 GOHaGE ERWBT TNaLDY T2ai 734060 [hed? 14450 1Setets THan3
TRUCT ACLC T BEGTS 0T, T HA a4 GBe01? Lhah GUall Guahb TJe53 T1lsib 72e3T T3ehs
& LC AcCC H3e6w ‘3‘9!'7'-' L3409 53450 Hhe)2 Hoefu 06057 HT497 6TeUS TGelb TLaDS
1 ALC BBeTL 81lel A6ufb HOAL (4437 Thely T1ell 79449 41039 Huelh Rugiy
- N'C““ACC"'E?il?“ETT??‘E“I?@'?i.a? Tée 0 T23a9]L Thabld 7Tall 17699 Z0e58 79e64
3 QL ACC bhebl R4l Alelh T0s32 71090 T5e17 73475 73aBR 77477 76821 7217
R S o0 Y of s - T/ Je N A R 2 *?'E'FP'G’"GE.".’TY"’GG.'?TH LTelt Blaby B6Y¢63 71491 T3eB5 THeYl
8 O ACC 55467 H99e0% 63042 (Fe2] 09405 LhaUld 65283 0LeLO S85076 1de2h TUelids
7 SURSYSTENM _ o B . )
1l CC ACC veuli 126346 25eul 27429 31-‘?'? zheb3 '-'*C'oAll ‘44-‘14 45-‘_‘? ST add GYenn?
C@TCC ACC T Tl 146075 PB4 G TR eB9 T390l REV DY T AT AT HIHE H2wlT 55ez23 BTG
3 CC ACE DaCU 1%efifs 25e6? 33424 39405 G3e8Y H648T SUelUd D273 Huads 96695
TTTETCUTRCET TR U T I e VY PRa b7 3Tl 2 356 H 30eED L3.10 GBelH 6934 Slelh Bhe (0
5 CC ACC  JaUl 13617 22427 2946R 34447 37061 4le3u 46a0F 46447 4Ye3Y 51aye
1 o ACE Lol 13693 24473 22420 5Bend Oled] LLeSD) Leld bD1eP8 53e30 54435
2 ¢ AT Da00 1591 2703 35621 61076 49669 H5e%1 52 ¢58 256426 Yol B5e T4
3 C+ ACC JeUL 1Eall 27?8 24456 40032 Guett nT7e46H Hue9l 536606 H%9e77 HOatb
T TR T UG U T LA G AR e 3L 206 T SYe65 hoen Lheld 59.58 5218 ShelB
5 €0 ACT UelU 13620 22444 24490 23009 3latd 69447 43463 46457 49e34 BLe52
) TABLE 83

8—7.



HIGH TURQUE DC H0Tuik

CC ACC Cw NEC
SPEFD BIAS SaF o . SPEEW HIAS Sef e
Ce =] 410 Y% 4 . "‘0!1?___"____ luels
S LTI Tl e%a Ciue2Y T T TR, Oe4f lueidy
. 5006 =2ell 10641 Hhio(e QeS8 lJUedh
. .T50s =-2all 10441 750 le2?2 10439
. 1onn, N =271 1Ua71 1000 le22 1Ue39
12500 “2063 10.53 125U le34 1Ua35
i 19U0e. =ZgRE 1Uah{) 150U Q0495 1vedb
1750, w2eT0) 1052 1750 2006 1001
2300, =423 lUe&5 200U 2827 GeYT
» 2250, -3, 10 1C.76 7250 2o (3 Yetil
2510 =34RH Ce72 250U 2e67 e 76
LTERCEDT =144l  AVG  10e499 InTERCEPT 0elV AVG  lUel187
ELOPE =0e000063  GD Nep33 SLuUPL. D.0010%0 SN Je233
R »(;aQ7C CUGRR i) e 944
T - i ACC CC DEC
CUEpERRTTT T 5TAS SeFa SFEEL 3TAS SefF e
'..). U.ﬁS ""1{.6045 Ua -3021 "101:6{'3
2Bl UaHt =1Us72 2500 -140Y ~1]l.ub
ande len)5 =11a71]1 550« ~]1e32 =1le2l
76Cs 1.71 =11425 750 =168 =llelYy
150 187 SEPEE 100U ~2e04 =1leu?
12500 ‘1o87 =]11s33 1250 -lefHY ~1leu7”
1570, 2a2b =1lis41 15U0Ce =] eH2 =1llevy7
- 1750a 245 wllet5 1750 222 =lJeYl
20t e ZsB1 =11457 Z2ulve «2s17 Twlle88
2250e 3013 =11455 22500 -2 e84 =10469
Ph G, 295 wlle27 250Ce =206 ~ladYy
TNTERCERT 0s 70  AYG =11e217 TRTERCERT . =0e76  AVG =10e945
_SLORE De00YNCA 5D Na334 SLEOPL =Je 10884 81 Jsdug
Rk DeQR3 CORR “Je¥Y35

_ REPRODUCIBILITY OF THE
ORIGINAL PACE IS POOR™ ~

_TABLE 84

8-8



TG TJ\.,‘“ blg _.)Tu‘-ni__ o -
WUAN ] CC ACC
SPEED Ve 250, Bty THe LUOUGe 1759 15uus 17504 23400 22506 2HJJe
e ST e o e CME L iAo S,
1 2e% - 445 Gah Reb TebH 1lev L3ent 1Be) 16a5 Litel l’_‘_'_).-..._...
-2 2ab lad” =2 ,.h Y, RV Y T=3e5 «=1Cen =11e5 =13en ~]1hel -170\:
3 2e0d 4e5 Hah ek 1040 11.5 13.% 1545 1745 19¢l 2045
b In i ) Lol =3 gy, -y} =Yy ~1]au w]Ze' =]3e8 ~]0Haf =17eb
] Hob 9ll‘.'1 135 .‘?uU_ ;?U.EJ er_nd .%..8.‘:;.. ._3!..05 3_'.':‘_0_)_ -“”09 '_"-*?__n_:) o
wuan 2 c LEC )
S2LID Je 25U 800  T7H50a 1iulie 1297 15C0s 17504 20U0. 2250 £50ue
R —
H 565 2.0 13«5 17«0 2iteb et cHe(d 31e5 _‘,5_-(“ 29a( 4265
2 BeB 1o W SER5 R1000 FIEGEETRL0 S21.57 53540 25908 S e,
2 be¢0U Q5 léall 175 Plea 2545 gtj.'j_ 3'3.5 276D #41a5 43 au
':ﬁ 'GCU 1|D "-‘-1.”-'3'"":7.7.'."-”11-’3"11'5"."3':1“9-": :".""2.' -Z‘Jnn -3 e =sbheu
a8 1oa! 1685 230} 285 Fhal) e GGl B2l 57a0) 63 J Lde s
_UUA’? 5 (' v ACC _ L
SQERD s 2504 Butlly TSe 1i0UUa 12%Ue lScus 1750 2JUle 275%0¢ 285u0e
Te Tt e s el 2O AN LAV b
1 1Jd45 16.5 ?3e9 2Re5 3447} G4 e U G a2 52 el ET747 HG3e b_.b:l'j
- T 1G5 Befl T =145 =Tah ~13e0 =19a0 =25+5 =30.0 =365 =715 =-5TeD
T LIeC 1845 2505 3240 35 4day biu) 50.C 66ad 705 77es
4 1leU 7 560 =150 =700 S1300 3000 T5655 w32y S38.0 =43e5 =4Y,e5 b
% FUeL  2HeN 3Ten 4Re0 534 Bley 0500 TRed  BOel 30y _Y9eb |
e e e e e e JHUAD & CCDEC
50Ecl) Oa 25(). ‘iJﬁo 750e 1uile 1290e 1900 17%0e 2000 27500 25due
Te com e e e T AN e .
1l 20 e ZHaN 270 4540 5‘3_-;: 6l 6EQeu TRe0 RS el L] Y9en
T -1+ Y R I 2o =Gel) =1ba5 =7240 =205 =37¢0 =45¢7 =530 =niey
2 19,6 30a%  £045 49«5 %0 6745 7740 Bhel 96 19500 1lgad
[ 195 TZeh  Gal) ~5el}] =]7eh mJ7¢5 =31 =305 < F LN ~LBa4h wfhel
5 ?f‘lou 36N .“70"‘ YhHeH Afa N Tha0 ubab 9545 10660 17%45 12345
_ QUAN 142 WUAG 3+4
TeTTTTTYLT T " BLTPE RTAS SLOPE BIAS
)y TatY Lelk fell cel2
? 155109 5 o016 15¢89 Heb56
Tttty ETYI] 1661 2547 172.72
4 3260 19sR%4 35,77 22470
- T 459.51 21627 4) 46 294506
TOQQUE C(Jf\ STA 7 7.9?:7 BotHw ATTS/VOLT /KKPN
10471 11e47 D2%1NM2vOLT
I SUUARED R CONSTANT lelt lazt WATTS/VOLT 5010
TABLE 8-5



HIGH TORQUE DC MOTOR STEADY STATE POWER

SUPPLY BUSS 24v 28V 32v SPEED
(RPH)
SYSTEM POWER 6.0 8.5 10.8 0
MOTOR OPEN 5.8 7.4 9.4 0
HOTOR POWER 0.3 0.6 0.9 0
SIN 0.1 0.2 0.3 0
cos 0.2 0.4 0.6 o
SYSTEM POWER 11.6 13.7 15.4 3000 CW
MOTOR POVER 6.5 6.5 6.8 .
SIN 3.1 3.1 3.2 "
oS 3.4 3.4 3.6 "
SYSTEM POWER 11.4 13.2 15.1 3000 CCW
HOTOR POWER 5.3 5.4 5.5 "
SIN 2.4 2.4 2.4 "
cos 2.9 3.0 3.1 ot

POWER IN WATTS

FIGURE 8-1
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