AD-A151 966  PULSENIDTH MODULATED SPEED CONTROL OF BRUSHLESS DC -
MOTORS(U)> NAVAL POSTGRADUATE SCHOOL MONTEREY CR
A A ASKINAS SEP 84

UNCLASSIFIED




™ MR e ~ etk AT S R P T Y - T IR R Y e B i Sl e ae A A

L AL ‘ Sl Saadh b 20~ i

= i

lﬂll (O e e

2

L e

s
22 e e

———

M ROLOPY RESOLUTION TEST CHART




p—

AD-A151 966

:

¢

}

3

E' o
D

| >

" ok

b T"J

: —

'f 2
b—

L ¢ =

o

NAVAL POSTGRADUATE SCHOOL

M b i Sl a3 Ty w PRI Sl ath T Sl aaay

Monterey, Galifornia

THESIS

PULSEWIDTH

Thesis Advisor:

MODULATED

OF BRUSHLESS DC

by

Andrew A. Askinas

September 1984

SPEED CONTROL
MOTORS

A. Gerba

Approved for public roleane, dicstraibution unlimited

85 3 v

LA . PRI N S W Y Y

¢ 19

P SIS PSR SR




M A

L
-

—~—

Nl S e o

T T

—rry

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE CCMPLETING FORM
t REPORTYT NUMBER & COVY ACCESSION NO.| 2 RECIPIENT'S CATALDS NUMBER
!
4 TITLE “and Subiitle: S TYPE OF REPCST &4 PER10 COVEREC

Master's Thesis;

i Modul: e t
Pulsewidth Modulated Speed Control September 1981

of Brushless DC Motors

6 PERFORM|NT ORG REPORYT NUMBER

7. AUTHOR/y, 8 CONTRACT CR GRANT NUMBER/g)

Andrew A. Askinas

9 PERFORMING ORGANIZATICN NAME AND ADDRESS 0. PRCSAAM ELEMENT PROJECT. TASK
AREA & wWOHK UNIT NUMBERS

Naval Postgraduate School
Monterey, California 93943

DD ‘ r)f::un 1473 EDITION OF ) NOV 65 1S OBSOLETE

MY Rl A

SECURITY CLASSIFICATION OF THIS PAGE (®*han Dara Bntered)

J R e m a e —  omi e e A ma e o momo ma e wa

11 CONTROLLING OFFIZE NAME AND ACORESS 12 REPCRYT DATE
Naval Postgraduate School September 1984 ;
Monterey, California 93943 " “fgﬁﬁc:p“ﬁs AJ
14 MONITORING AGENCY NAME & ADDRESS(I! different from Controlling Office) 1§, SECURITY CLASS. of thie report;
UNCLASSIFIED
\
15a DECLASSIFICATION OCWNGRADING 1
SCHECZULE
i
'6. DISTRIBUTICN STATEMEN™ ‘af this Report, ~
Loroyed Tor public releate, digcribuvtion unliniced
—4
7. CISTRIBUTION STATEMENT 0f the abstract entared in Block 20, If different from Report) !
18, SUPPLEMENTARY NCTES
19 X EvY WORDS - Continue on revoj:n—.;nja f necessary and tdenttlv by bloch-numbor»
Pulsewidth Modulation; Brushless DC Motors; Speed Control
. . . . . . N _«/' G 158 . L .—’/._' o _44/,,'.1 YA - d_
20 ABSTRACT ‘Continua snreverse aide 'f ne-essary and (Centily by block number) -

Until recently, few alternatives existed for the use of hydrauli
and pneumatic actuators in primary flight control applications.
With the advent of the samarium-cobalt permanent magnet brushless
DC motor. Consideration must now be given to the utilization of
an electromechanical actuator in missiles which reguire signifi-
cant mancuvering capability and hence, greater torques. This
thesis investigates the theory and techniques of pulse width

4-;.44.4.“‘




YT

o i eas - e an. b Nt Ba et A A e maant 4 g i St e ari s Sva d I A -~

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

‘modulated speed control of brushless DC motors. After
describing basic pulse width modulation (PWM) concepts,

two constant velocity control schemes are presented:

current feedback and a limit cycle scheme. By calculating
the motor form f:ctor (a figure of merit for power losses in
tiie switching trunsistors which comprose the PWM network),
the relative worth of each scheme is then evaluated. An

1n depth study is conducted of the limit cycle aprroach,
wlth an emphasis on the power loss reductions obtained
through the reduction of the velocity limit settings.

. . s
t L V4 /(,t/t A'é Lo e sy > . //t'
/'/)

2

" M cs e - N —
oot et an Tap

' . .
A - /"'l

IS U .

i
. \\ .
[ .
4, ¢
‘e
.
R b W]
: :
“oa,
N STAZ 5 Nl AN

2

SECURITY CLASSIFICATION OF THIS P AGE(When Data Enterac

-
-
.Y

P V. X W

NP OURDIET Y VI

F. J

NN, FORNPI R | ar S,

=
L.




b P P SN

v e e b S M Seoy i SRl R AR S A AT A S e it Rte S A iie Wi e - A

Aryreved for public release; ailstrioutios anlimited.

Pulsewidth Modulated
Speed Control of
Brushless DC Motors

K TONPA,

oy

L JVRR

Andrew A. ASKinas

Lieutenant, United States_Navy ]
8.5., Jnlon Collegye, 1973 a
Submitted ir partial fulfillment of tae )
rejuireuents for the dejree ol 4

MASTER OF SCIENCE IN =ZLZICTRICAL ENGINE

(‘J

EIJdG

from the

NAVAL POSTGRADUATE SCHCOL
Segtember 1984

Author:

Approved by:_ _

ATex"Gerra, Jte,

Tt ~Georje
)
W\ A
TTTTTHACLII 713as, CFEIEE'ET'D@?ZEE&EﬁE'ﬁ"—"‘
Zlectricdl and Compater' Znjin2ering

////; J.
TTTTTTTTT T “"Uﬁd;—N.'S'é" - -
Learll 5 f Science an qngl‘et ing

PW Wy WP W o VP S Y N W R D TP W




T
-

fﬁ"er

Fy-‘ A2t Zad Aotk At anas e 4o g —— B W N T T rrrm——— 00 "B - JactaRn

ABSTRACT

Until Fecently, <few alternatives existed £for the use ol
hydraulic ard pneumatic actuators in primary rflight control
agpiications. {ith the advent of the samariuw-co>balt perma-
nernt maJnet brushless dc motor, «consideration must now ke
given to the utilization of an electromechanical actuator iu
missiles which require sigrilficant maaeuveriny capability
arnl hence, greater torguies. Tuis tnesis ianvestigates the
theory and tecknijues of fulse width modulated speel centrol
oi trushiess 1c motors. After describing kasic pulse width
rmodulation (24M) concepts, two constant velosity ccentrol
schemes are presented: current feedback and a 1limit cycle
schene, By calculating the motor form factor (a figure o:Z
merit for ower losses in the switchinj transistors wanick
comprise the 24 network), the relative worth of each scaene
is then evaluated. An in depth study is conducted of the
limit cycle aprroach, with an emphasis on the power loss
reductions obtained through the reduiction of : he velocity
limit settirygs.
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I. INIRQDUCTION
Intis recentiy, Zew alternatives existed [or the uUse o
3 aylraulic or gpLeuzatic actuators in primary f£lijnt control
appirications. towever, advances malde ii. the fLell O rare
earth, yermanert aajret naterials and 1In aiGgh power senicorn-
du.*tor transistor tecaroloyy lLdas made possille tue  USe 0Ff
€eiectromecharicai actuators 3s a practical alternative.
Utilizing rd4rCe earth (speciiically, Samarial colkait)

maj;netic DLaterla.  within a bruspliess dc motor  lesi

[Ve
-

provides a prime  wover ia  Ilight control apgplicaticrs
OLffeling sujerior perforaiance characteristics over electrob-
yifaulic syctens.

Zilziration of tlie Erush tvpe comautation scheme wituir

ti.e Jc notor provides rnulderous advantajes: 1) Ligner rateld
sotor speed alonj with a rediuctiorn 12 weight arnd volune Ior

a4 j;iven horsepower, z) the ablility to uSe perCmaneLt Tajne”
rotors insteal of 3 rotating armature winlding, combined witi
th2 elimination of the Dbrush asseabliy translates 1nto
desigyn, irplesaentaticn and maintenance simplifications, 3)
siace tleCe 4are no Lrushes, no arcing will occur, lLernce

aliowinj mctor ojperation in lLazardous environumernts, ard 4)

imprcved thermal «claracteristics, as losses (ohmic arni
core), which arise jprimarily withnin tne stationary portion
" ¢i the machine, are easily dissipated throuyi the stator
' housirnyg.

f Use oI the trushliess 1cC machires Jdoes Lot come without
cerain disaldvantajes, chief aaonj taem Leing tne cost anl
'. tie uncertain availability of the sazmarium cobalt rateriai
for rotor censtruction. As an aside, a recsnt stuly was
conducted irn which the performance characteristics of hotlh a

ferrite ani a4 saparium cobait type dc  aotoHr weL e

10

PRSI S

S

PPN

e L L

‘._.A.

PP DY




VY Ty

lavesti;atel TRef. 11, The [€3€alll COLIICTed ledOL3irlate.l
Y2 superiorlty of tie sanariuyld covralit Jesizun, a1od nLelCe LTS

ta

[

t

Guesafabilitr  I0r  urescit arnd L € appilcatiorns. Arn
N i L

aiiitiornas. dlsalvantage accruaes Low the racZt tuat TOotor

rn

conrutetion nust re acconpilshed 21lectronicCaliy, TCeSJdlTinL;
la ai 1ncreane o the complexity  or tue desijn or *he O0t0C
con*rcl.ez, w~it. a coamernsurate ilnClewaSe 16 the 05t ¢ its
luplementation.

This stuly will <concantrate on tze ;ower control of
trushless dc aotors utilizing a pulsel pOweLr approach. Fower

11ise control of lc rotors, wvetter Known as pulsewilth zolu-

1S
&

14

i
lat.on (fsM), utilizes as an input to tre notor, veitage or
current puises with the pulse duration tein; controileld.

Pulsewicth uwolalation offers considerable advartajes in the

-+

controir of 1 zotors, wnich wilil he ouatlined 1

c
ollicwing chapter. The research was coLcGucted utilizing a

Fiy

coaputer model of a 3-phase, 4 tole brushless Jdc motor,

Wi.lch was developed Ly Thomas in a related stady [BRef. 2].
It 1s tc be noted that thils resecarch jCoject rejyreselnts

only cun- pualt 0of an ongolny effort to accurately simuilate

t.e 1se ©I a prushless ¢ motor as an electrormagrnetic actu-
Y

ator for use in advancel @missile control systens. Ahiile
eicctrcaagnetic actuators have previously seen uUse 17
tissile [rojects such as HASM ard Corndor, these actuatrorcs
Lave been  tod ldargje and have hail too slow a resgfonse Zor
nlj. torgude ajplications as  are oand ia the  AldhadM

(alvanced Medium nange ALr to Air Missile) projsct [Ref. 3].
Tie overall aim of the eutire research projranm 1s  to help
«fploit the technologjical oj;prortunity wiilch exists witain
£ire €arth perdanent majuct Ic aacnines ii the role of elec-
tiniechanical actuators ZZor use 1in jaided wissile control

avplications.
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[ II. EULSEWIDTH MODULATION

p——

Pulsewidth modulated switching aamplifiers oflZer cors

eravle advantages ir tae control of Jdc motors. Se

T
descriting the technigyues used in siaudating the pulsewilti
modulated control of tiae computer model mentioned previ-
ousiy, 1* will be imyortant first to Jatline the basic :irin-

Ciples and characteristics of puisewidth nodulationr.

A. PULSEWIDTH MODULATION PRINCIPLES

The pulsewidth modulation scheme utilizes transistors i

~+

h

[t

switchiry mode, whereby the transistors are switcuefl

into and out 2f saturation. This switcilng action resuits

L

in the ginimization cf power losses in the transistors, wit:a
a savings reailzed in reduced heat sinking reguirenents and
in the usage oI less expensive powel transistors. Since the

Lower transistors are switched on and off at a freguerncy

. @,

teyornd the system barndwidth, the motor will filter the higk

"

fre:juency components of tne modulated signal arnd responi

or.ly to the sijral's low Irej uency componernts.

Closing a feedback loop around the pulsewilth mocualiateld

aaplifier results in the anplifier behaving as either a ]
4 current or a voltage source. The feelback loop allows the ]
L - L L. . . . . “ ’
! @wotor to be connected with e awplifier throuyn additioral i
. o .y s . s »
T’ series iniuctance, resuitiny 1in a smpootulngy of any current 3
ripple. The feedback 102p also allows £for easy current -

1 limitin;, merely by limitingy the output of the feedluacrk
L surming anmilifier. Finaily, & feedbick ioofp provides out ut )
, . . . . )
F‘ srhort circuit protectior, as the output current 1s deter- T
i wmined by the input voltage without regjards to tie€ output |
. h
: inpedauce. \
2 ~
» Al
[ >
12 i
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1
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Thele are two basic methols Ifor optaininj a pulsew.itn

E. MCDUILATION TECHNICUES ]
pojaiated signai. b
4

1« Tne Dither Mvet:od

The Zirst technigue rejuires that tae input sijrnal

. 2

(7o), be adied to a high frejuency sawtoota sigral (also
knowrn a3 a dither signal). Arf ter suacing, the resuitant
sigral (Y1), is Zed into a relay element., Tie relay elehent
converts the summed signal 1into a two level output (Y1),
wulclk then switches from +V to -V whenever Y1 2xperiences a ﬁ
Zzero crossiny, as showr in Figure 2.1.

The duty cycle (a) of the output signal is related
to the input signal and magnitude (E) of the sawtooth signal

ky:

a = (Z + X)/2E (eqn 2.1)

Utilizing tuis tecanigque has as an advantage the fact that
one may conirol the frequency o0f tne sugplied sawtooth
sijral without any clan jes to the sotor <contrcller

. . -
circuitry.

The second technicue for producing a jpulsewidta
modulated signal is by closirgy a <feedrack loop around a two
level switctk. The Zeedback signal causes the system to
exhikbit hiyh frejuency 1limit cycle Ltehavior. Taking a
velocity control system as ar example, if the velocity error
signal (refersnce signal minus the actual velocity) were
negative, indicating that the velocity was too highk, the
output signal from the switch would tnen serve to drive the

velocity lower. As the velocity of the system dropped Lbelow
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Figure 2.1 Creation of a PWM Signal
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tiie reicrence level, the error signal wouaid tihen bheccme
tositive, causing the ouajut of the switch to change states
and censeguerntly force tiae veloclty tO oLCe agaln increase.
Ii tuls manner the switch output wouid thus exhibit oscilla-
tions, describing a ,ulsetrain whose rreguiency is deteraoinel
ty the voltaje levels at which tuae switch operates arnd by
the dynamice 1in the feediack rpath. The frejuency of tne
velocity waveform would necessarily be tae same as that oi
the outpfut of the switch, and under steal; state coniitions
would Lecome constant ané periodic. The pualsewidth of tae
sigrnal at the output oL the switch is Zeperndent uajon
steciiic system dynamics. For tae case of a d.c. @mctor
operating under load, the pulsewidth is directly related to
the lcad on the nmotor. The specific details of a liuit

cycle velocity contrcl scheme is examined in Chapter 3.

C. ANALISIS OF THE PULSEWIDTH MODULATED SIGNAL

A diagram of an ideal dc motor is shown in fijure ..2.
The "freewheeling" diode (FWD) serves to bjypass the motor
during the pulse off  eriod, allowing the armature current
to circulate. Figure 2.3 shows tne typical steady state
current and voltaje relationsaiy in a pulsewidta cortrol
scenario.

Eecause the supply voltage is being switched at frequern-
cies typically on the order of magiitule o 5 KHz, it is
important to study the power 1losses witiin the notor with
the power being pulsed on and off. A first approximation to
the evaiuation of power losses due to heatinj withir the

arzature resistarce is seen in ejuation Z2.2.

v
L]
[ael
—
[}
N
—

{egn 2.2)

15

.. W

N5

L

| O :
o Py e . P -

L N

L w .

W\ YW RPIEY\. RN

n.d

. J




PreC

p——————r

LA i A Aed S e a Sre dee s e e o ARMERMEMRE

w |
) [croFreER Iy I
~ o 3 :
— PR,
R
S l
— T (
\ / f"\ ' / :
v~ — . / -
Vg FWD - L |
B
|
D
o
/ L |

Figure 2.2 Basic DC Motor Schematic

We may now define the current form factor (k) as the ratic

of the a¥5 current to the average current:
kK =1 /I (egqn 2.3)
Developed motor torque 1is directly proportional to motor

cucrent (equation 2.4), allowing motor losses (under 2WY

conlitiorns) to ke descrited as in eguation 2.5.

-1
n

. Ki*I e {(egn 2.4)

Py R*k2*I2 ., (egn 2.5)

Substituting eguation 2.4 1into equation 2.5 demonstrates
that motcr losses are dependent on the current form factor

and the output motor torgque, as seen below:

p{ = (E/Ktz’ *kz"rvz (eqn 2.6)

’

16

. . N - . - e Z e
‘ ‘_..A a4 aa ff a P L] . 2 L
P S Wy WU W I Way gy e S S W i e

-------------

b s a M L a'a

R J

Pl el e L




]
t
e J—— < b-"

: _
| ! } I
!

_, time

CURRENT

|

0 a /\ P | //\\ /&\ yms
a _l\\;;7' o \TT,//;— —_\\;;/ T ave

loo / v

_ thime
0

Figure 2.3 PEM Steady State Behavior

The motcr form factor has a larje influence on motor
Leating and hence, pcwer losses. Since perforaince in speed

control systems 1s often limited by power dissipation

constraints, 1t is importarnt to leteraine the fora factor
for a given PWM schene. The relationship between aotor
— arnature losses and form factor is shown in Figure 2.4
: [Ref. & ].

" In crder to determine the form factor for a given 1
t' system, one must first be able to determine a systen's
average and RHMS currents. The differential eguations
describing the motor action for the basic dc aotor system

(as seen in Fiyure 2.2) are as folilows:

A

palse on: Ldi/dt = v - RI - K, *w {ejn 2.7)
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Pulse off: Ldi/dt = RI - Ki*w {ezn 2.8)

where K is the «counter 2mf cornstant and the motor

w is
s;eed. Solviny the difrferential 24quation for motor current

(and referringy to Figure 2.3) yields:

Pulse cn: I =1 - (I,

N - In()exp(—t/tp) (eqn 2.9)

Pulse cfli: I = (I + I )exp(-t/t) - I, (e4yn 2.10)
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where tn is the systen eiectrical tize constant,

I, = (V- X *w)/R (eqr 2.11)
an:i
I, = K *w/F (ejr 2.12)
The average and EMS currents are then:
e (ann - bIm)/E (egrn 2.13)
12 = 2 S Gn e
12 = (/p) (@I 2+ b1 7)) -t (I ) (1)) (e5n 2. 14)
where
a =t *xn((I -I )/(i =-1TI)) {egr 2.15)
b =t *xIn((I + I )/(I ot 1)) (eyr 2.1€)
T V] m O e
i I,.=1(& -1I)) {egn 2.17)
[
I, = (I + Im) (egrn 2.18)
® ard 1/P is the switching frejuency.
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£ dc motors, simalations were coundacted usin
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yecl rower pulses to deternine tue relationsini,. t
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fora factor aud motor loal torjue. A coaputer jrogjra
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axr
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writtern to analvyze the output motor current wdaveshage
ti.e  average and r@s currents utilizing relationsiips
Getailed in this section. The projran used to compate tiLesc
currents may; be found in Adppendix C. Figures 2.5 and Zl.c
suow tanat the IZorm Iactor rapidly approaches arnitr as *he
load crn the motor is increased, irdicating that the rctoro i3
experiencingy only sligyht additional 1iosses (inL terms of
percentajes) due to the power pulsing eifect as coxzpareld
with a constant voltage supply arranjenent. It is auiso
pointed out that the motor runs more efficierntly (lower forn
factor) at hijher freguencies for a yiver load torgue. Tnais
is Jue to the fact that as the aotor is pulsed rpore
freguently, the motor sreed will not drop off as fast and
hence, the enerygy required to move the mass of the rotor
back to 1its steady state speed will rot be as great.
However, switching losses in the transistors will usually

iimit tle switching frequency to li2ss than ten XY4z.
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III. POULSENIDTH MODULATED SPEED CONTHROL y

The ability c¢f a dc motor to maintain a gived speed wien

a leoad torgue 1s apglied 1s generalily refertel to as speel

Ao

Ivj ;dlaticn. Althkougylk a dc¢ notor by 1itself 1s an ofpen licop L |
system, the prescence of the bLack electromotive rorce (tenf)
sigral serves to close a rnatural, "built-in", feedback loop,

as sheown 1n Figure 3.1 However, because the dc motor 1is

- V.

intrinsically an open loop system with relatively constant
puower 1nput, as the load torgyue iacreases, the speed will
dvcrease, and Lence, no speed reguldation 34y be achieved.

In order to maintain a conrstant speed, the i1nput power nust

Al‘_

iicrease with the applied load.

LOAD TCRQUE

l
VO .5
~ EUR ] " s+ E o

SPEED 1
]
BACK EMF

o B | #
!
L

! L — -

L
S

Figure 3.1 Block Diagram of a Basic DC Motor ]

¢ ;‘

Fijure 3.2 1illustrates the basic prianciple behind ;

. . . 1

puisewlith zodulated amjlifiers. What 1s 1mportant to note

]
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2
}

t 23 -f
!

° {




-

————T

v

s Rt St IRl S AT i Aol Sien e el b b i ik A RARCESIY Shate ¥ T - - - - .I
..v]
.
b
]
is tiat as the 1oad con the systeam lncreases, the duty cycle :
cr pulsewildtu of tle input sSigral also increases. Cre i
tiiouyhkt then, 1s to attempt motor speed controli bty deter- !
pining wiilch motor faradetels are <changiny relative to
varying loads and to tuen make pulsewidth a function of one 3
or more of those parameters. BeCause motor current varies )
linearly with 1load torgyue, some fora of «current feedpack »
appedrs to ke the logical selection for implementation of a I
speed control schene. A specific current feedback control
technigue was investigated, as well as a limit cycle control ]
method, the details of whick will now be presented. o
:
J
] ) "
- 7\*!"“(
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L_
() no load voltoge
| »
| 1 B i 1
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‘ | | i tire R
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Figure 3.2 Pulse Width as a Function of Load Torgue ]
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A. CURXENT FEEDBACK

Fricr 1o Qtveio;ing any speciiic corntrol
staliles were cornlucted 0f MoOtor Zenavidr rLelative to
Fuicewlith .ower pulsed input, it 3 Irejuenly oZ
Motor sp€ed  Was Zournid, 15 1L tie Zdase 01 consizta:n
voltagye, tc vary lirearly with 1241 tor.ue , as
Figure 3.3, As ar aside, all studies were cornducted wit
ti.e loal tcriues ranjing frox zero to eiyLty ouuce-inchLes,
as this ran,e represented the linear ranje o operaticr Zor
the motor mocdelled irn tne Thomuas study [Ref. 2]. The 1ot
OI average curcent ves., 1034 torJue for the rfixel jalsewiit!

sinulaticrs are stown in [1ig:

i

d

Studying the curves found in fFfigares 3.3 and 3.4 led to

the conclusion that a scheme for speed control of the motor
could e developed with the pualsewidth peing sade directly
pcoportional to tne averagye @m0tor current. Tne Ekasic Zorn

oI tre nctor pulsewidth was uecided to be as Zolilows:

148}
EY
1]
ty
Ci
'{’
+
A4
3#
™

(eqn 3.1)

Tne Totor jparameters found in ejuation 3.1 may be definel as
follows:

Pd = the input pulsewidth (Juty cycle)

I = averaJe Dotor curren

LCF = a dc term which estallisies no load speed

K = tahe current feedtack constaut

It was decided that the motor would run at a miniauw o2

0% duty cycle pulses to miniaize power l1osses whicn woudli

cccur at smaller duty cyclies in lijht loau cornditions. ¥aiti
a frequercy set at 5 KEz, tnls necessarily fixed no load
SpeeG at apyroxinately 1375 rya. Since ildr,e current tran-

rts cculd be expected waen the @aotor was started or waiel

htn it Shudh and Mol 4

4
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tane load condition was chnanjel, a lizliter was writtern irnto
tie simulation projram to set the maxiauw pulsawidtic at just
less tharn the 100% duty cycle poirnt. It was not set at 1307
due to difficulties eucourterel witi the sigulatiorn
lanjuage. Other additions to the Lasic conputer —rodel
included a limiter to prevent pulsewidths with less tnar 507
duty cycles as well as a current limiter to ;revent negative
currents. The latter was added to siaulate the cfiect of
the adiitior o0Zf the “"freewlheelinyi" diode descriped irn the
preceding chapter.

To set th2 no load speed at 1375, 1t was necessary to
obttain parameters that would establish P¥ egual to .5 at
zero load torgue. The value of ¥ was determined £fron
Fijures 3.3 and 3.4 Dby noting that tne 75% duty cycie ccndi-
tion, at approximately 1350 rrm, occurred at a load tcrcue

=

of 40.0 oz-ins, which also corresponded to an average motor
current of 2.50 amperes. Setting PW to .75 and DCF to .43
in egn; 3.1 124 to a K value of .107. A value of DCF of .43
results in au approximately 50% pulsewidth modulated signail,
as ro load motor current is approximately .002 amps. It was
felt that higher speeds could thern be achieved Ly increasiny
DCF, as the basic relationshiyp between pulsewidth and sgeed
appeared linear for any given load torgue.
Extensive simulations were coniucted utilizing the feced-
i

acr. ccntrol relationship as shown in egjuatioan 3.2. 35ra

o
o

results for these simulation trials are shown in Figure 2.5.
v o= .4 + %, .
2 8 (Iavp 107) {egn 3.2)
It is cleariy evident from Fijuce 3.5 that the control

scheme 1tilized performed unsatisfactorilliy for its task of

Baintaining constant speed throujhout the given rarnge of

load torjues. While <certain variations wmight have Dbeen
expectsd 1in the output speed, ti.e resualts lemonstratei
28

B

. SR .'M»4!LA__-‘;_-JI...LJ

9 Ny

PP\, VRPN

LN




afihh g At S0 MM A A e v

b

v
rdl

vy

B

noniinearities in  Ictor periormanle  wwlCn were clearls

v

unsuitaile foc its givern ap;licatilon. Ore o0f the na

e

q

Jjo
FLoLliems encountered witi. thls control. sciueae stenmed froo
ac

—

the fact that the avera,e cuarrent was used as a feedb
Farameter, rather than the actual aotor current (the ril
Frzsent in the motor current was deemed to be too high to be
iﬁf used in a velocit; control scheme opasel on carrent fsei-
| back) . The average motor current proved to be unsatisiac-
tory for the given task for two reasouas: 1) average notor
current regyuires time to approach the System's actuaal
V‘! average currert value due to the cnaanges to tle current
’ incurred ty transients such as are caused bty changes to the
system's stecady state behavicr and thus adds significantly
to the motor's settliny time to variaances 1in load or
1 commanded speed, and 2) apparent nonlinearities whica would
appear 1f pulse duty cycle were plotted as a function of
load torgue, which runs contrary to the 1initial assumptions

upon which the contrcl scheme was levised.

pp—

Bo VELOCITY LINIT TECHNIQUE

-

The velocity limit control scheme has feen developel

F under the assumption that a fure velocity command Las beer
t:] issued by the motor control logic. It 1is recognized tnat
' other systems might issue torque comazands to the rpotor irn
{ Lresponse to a gewerated missile fin position error sigral
E ard the current motor speed. Simuiation of the comzlete
r’ electromechanical actuator is not the intent of this thesis,
[ aid hence, will not ke attempted nere. The scneratic
t diajram for the network used to iaplement the limit corntrol
; Scheme is shown in Figurs 3.6. This network will control
}. the motur speed in suca a way that 1f speed is Ltelow its
commanded level (plus a pre-defined tolerance), the power to

tiie motor is turned or. If the motor spe«d rises above t:.is

MBI 4
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Motor Speed vs. Load Torque (current feedback)
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set pcint, the power is turned off. The controliled velocity

waveshape 15 liajraemed in Figure 3.7. ‘ﬂ

QM

GB

Pigure 3.6 Schematic Diagram Of Pulsewidth Modulator

Creration of the system in the liait mode is relatively

straightforward. Reterring to Figure 3.7, 1if the mator

: speed 1s below (VCOM ¢ VTOL), transistor CM is switched on;

allowlnj motor «currcert ta flow. Ahen the speed reaches
(vCOM + VICL), 24 is switched off, which then induces a ¥
- lar je voltaje across the inductor teraminals, owing to a ®
rapid rate of change in the inductor current. This induced b
[ volitage turrns on diode DM, whicn provides a path for the k
[ decayingy mctor currernt. Wher motor speed decays past (VCOM 3
r - VvICL), M 1is switched Lack on again. Transistor ¢t and ¢
diode D3 dre utiiized when the motor is operatel in the
‘ rejenerative braking mode of operation. In this mode, the
; dc aotor is used as a generator as the inertia of the rotor .
r ]
B
- 31 ';11
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time
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Figure 3.7 Motor Velocity Waveshape

is converted into electrical enerjy to charje the systen's
dc voltage supply while <controlling the braking of the
rotating masses. Again, how this wmode is utilized is a
functicn of the desiyn of the wotor's electroaechnarnical
actuator, and will not be further <Comaented upon. The
control of transistors 2B and Q¥ can be accomplished
utilizing voltage comparators, where one input is a voltage
propcrticnal to the comwanded speed plus the 1lloweld speeld
tolerance, while the other input 1is a voltige proportional
to tle actual wmotor sreed. Wnat becomes l1aportdant to
reiiize now is  that the pulsewidth and the pulse frequency
are beth variable, and will be dependent on certain dynamics
of the system.
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A trial simulaticua was conducted u3singy the linit ccntiol
Schene. T.e speed tolerunhice was set at five rpm, anc the
coumanded s;ead was set to 1400 rpm. Table T contains the
results of the simulation. This data is also rerresernctel
graphically 1in Fijure 3.3. roadiny oI the motdor was accon-
piished using a termiLated ramp signai; the termiral value
of the ram; is tne Jesirel @motor io0adinyg. The sgpeed acca-
racy of the 1motor is defirned as the difference betweer the

maximua and ainimun pDotor speed diviied by the comaarniel

speed.
TABLE 1
Motor Characteristics
Load Torgue . Speed (rpm) % accuracy
(oz-1n) maximua mininua
0.0 1416.0 1385.3 2.13
15.0 1418. 2 1375.9 3.0
32.0 1417.9 1309.7 3.44
48.0 1416, 1 1366.2 3.97
64.0 1414, 3 1362.1 3.71
80.0 1409.6 1355.8 3.75

The resuits of the initial simulations indicates trat

.

positive «ccntrol of the <coamanded motor speed may te

acconfpliished utilizing the limit cvcecle zethod. All furctcer
studies are therefore basel on a compuater model whose speeld

is controlled irn this manrer.

. Studies 0of system cnaracteristics (pulsewidtn, ralse
g fre uercy, speed regulation) are presented in detail ir the
E next caapter in order to letter lefine the operatiosnal

enevelope of the modeiled dc aotor using the velocity limit
‘. coatrol schene. Addittionaily, tne erffects of the addition
{ oI serics indiuctance are ilso investigated to deterzine 1its
) a:fects in rejards to ripple reduction.
3
]
o
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MOTOR SPEED ACCURACY

T

)

CSPERED ACCURACY
g

0.5

0.0

0.0 10.0

e —

20.0 300 400 L0000 600 TH.0 B,
LOAD TORQUE (OZ~INN)

- J

Figure 3.8

Motor Speed Accuracy vs. Load Torgque
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IV. PERFORMANCE OPTIMIZATION

The sipulations descrilted at tue eri O the previous
Ciiyter wele not necessarily indicative 2SI ti o, traun
rerforaance potential of tue modellel dc motor. It apcecars

evicent that there nust exist means by which tihe currcent

ripp-€e and the sgeed regualation may be resgectivel); reducel

ar.d Zaproved. Cr.e waj td> achieve iaproved speed accuracy
t

(wnich implies tihat the rippie present in the motor velocitw
is reduced) 1is to decrease the spgeed tolerances estarlisted
for motor oreration. The erfects oI the wvariatiorn oI tne
sreed tclearrce settinjys will be examined shortly. However,
to reduce the currernt ripple, walch in tura transiates to
redaced power losses in the motor, 1t hLas been sugjestel
tiiat cne npust add irnductance in series with the roter aria-
ur= [Ref. 5]. TLe efrfect oI the addition or series iniuc-

t
tance co¢n motor pericrmance is studied in the Zolicwiny
sec

A. ADDITICN OF SZRIES INDUCTANCE

A dicersioniess current ripple zmay be defired as the
curernt ripple muitiplied by the motor arnature resistaice
ard divided Ly the supply voltaye. The current ri:gle
itself 1s defined as the 1ifferernce between tne current at
the time the motor is pulsed on aand the time wher the Totor
is  fulsed cff, or siamply as the Jifference between tne

miniikum and maximum currents, as follows:

I = 1(a7) - 1i(9) (ezn 4.1)
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Tor the casec WwunerZe Ornly oue powerl sSapgly s us2a (uniili. o=

tional drive), dimensionless current ripple  (2) SAPTANN

Jefined as Zollows:

I = (1+exg(—tz)-ex;(—d*t;)—exp((1-d)tﬁ))/3 (e .1 w.2)
whel€:

t. = L/k (€. 4.3)
an i

g =1 - exp(-ti) (esn ¢.4)

Cinmensioniess current ripple aay be lotted versis tiae
puisewidth, or duty cycle, with the ratio orf the jerioi c:
e PWM sigral to the electrical time constalLt, tau, to Zorn
a family of curves, as in Figure 4. 1.

As can pe seen from Figure 4.1, the zaynitude oI the
currert ripple depends to a great extent upon the ratios or
tiie pulse feriod to the motor eiectrical time constant. Ve
should therefore expect tanat that reduction 0f the @ortcro
curcent ripple can e accoamplished throujh the adiition of
series inductance, whict reduces tne nagintude o0f tau.

The effect of adding series inductance to the motor naavr
ke seen by writing the differcatial eguations for the

simpliiied circuit diagras of a dc @motor as shown in Fisurc

4.2. Applying  Kirchoff's Law arnl sumaing voitadges arouni
the lcop results in a current-voltaje relationsaip as showi
in equation 4.5:

v = (1 + L1)ydi/dt + Ri + K, -w (¢ in <+.5)

Taking the Laplace trarnsiform of eyuation 4.5 yicldis:

Las
(o))
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7

7(g) = s(L +LN)I(s) + FI(s) * n. -d(3) (eyn 4.¢€)

Soiving ejuatior 4.6 for aotor current yiclds:

T N NI I B G N R U (egn 4.7)

Fron egjaation 4.7 the electrical time constant is:

t.= (L + L) /R (e4n 4.8)

™~ Sa8
A L//‘J Li }

SR

a-
I
L

L
/P l
)
\&/ ]
SO, —_ - — J
Fiqgure 4.2 Basic DC Motor Circuit Diagram

It is t¢ bLe noted that the revious derivation i1gnores
tie affect of the resistance which will accompany tae
adlditional series inductance. However, it will Le assuzei
that a value for the electrical time constant may Le set as
in «guation 4.8 through careful selection of the type anil

gquintity of series inductance added to the motor.
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J0 test  Toe elZects 0 the  2idition 0L Serles ilLiac-
ct the adli-

taLce, the Zou,ter Lofel was TodiZied to relle
t

105 oI inlactance e.dal 1o magLlitaie to tie

pTefent irn the notor's winlirn;s (ijnofing the CSaang

total resistance Ior tne Lel3035 Lentiol
Siaulaticns were then conluacted t.codghodt tue
Latje¢ of from <cC2rc¢c 10 elghty OUnCe-lucnes
velocity set at at  140) rpa  (approaxicatery
motor's ao l1oad speel) and speed tolerence set

Table II sumnarizes the resuits of ticse s

cd

1
Tre data for simulaticus 2ade wWwithout tuge adiitionali inliuc-

w

e i -

tance is shown in  Table IITI a4and 1s 1ocludel Zor sale of
consarisor wit!l, tihe dGata in Tarle IZI. 1
4
TABLE II ’
Inductance Effects on Motor Operation ,
Loauv Torgiue Iave iras Form Facter Current
(¢cz-1Ls) {aap=) (anp s) Plgpse ()
0%.2 3.257 1454 1. 705 L1100 ’
16.9 J3.995 1.131 1. 138 0974
32.7 1.967 2332 1.033 VR
4.9 3.023 3.06€4 1.312 .05062
6d.1 4.099 4.923 1.095 .0787
8J. 9 5.C11 5.031 1.394 . 1295
[
)
TABLE III
| |
Motor Performance (rno series inductance) !
.#
Loal Torjue Zave Iras Foram Factor Currert ]
(po=1r1:5) {11, 3) {(amp s) Ripgle (7)
9%, 2.179 J.347 1.93 <326
1n. 9 1.0173 1.101 1.081 .299
22.0 1. 263 24226 1.222 279 }
4e. ) 2.013 3.379 1,033 201
td. ) 4.023 4.J40 1,393 <220 'J_
STV 5.017 5.326 1.002 .235
J
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Ixaxlration of the 3ata in Tatles 1I ard III Jeaon-
strates cledarliy the rippie reduction obtained tarouagh the
aidition of the series inductarnce. dotor roru factor was
calculatel to show that ;o2wer losses(at low load) ir the
transistors are also reduced, and tuis represants an adii-
tional beneiit galaed froam the adled inductance. However,
wi.lle series irnductance will reduce the <current cripgle
without affectiny steady state benavior, it will have an
atfect orn the transiernt behavior of the syster, as will now
fe shown.

Assuminy rnow that tie system 1s operating 1n steaay
state, a ster input ccmmand (sich as 4 change 1n the zotor's
conzanded velocity) willi force the pulsewidtn r©odulateld
siJral to the full on condition. 1Ine resgonse o2f the syster
will now be limited by the motor's electricai tiae constant.
Ir the <case where series inductance has been added tc the
system, the response oI the motor to a step input will be
slower than 1f tne additioral series 1ii.ductance were Lot
jresent.

To test this effect, simulation trials were ccniductel
wrhere the motor was allowel to achieve a steady state speeld
¢ 10600 rir and then was subjected a ste, 1input command to
increase nmotor sj;eed to 1400 rra. Torgyue loe! was 32 oz-1ins
and the speed tolerance setting was + 1. 7The resporse tire,
or the time rejuired ZZor the @motor to settle at the rew
comananded speed, was acasured for trials in tle aotor's
standard coniigjuraticr ard for the <case where series induc-
tance was added. Fer tnhe first case, where there was no
alditiosal indauctance, the response time was measurc<a a*
approximateiy 2.5 mililiseconds. When series inductaace was
aided to the system, *the response tine slowed to approxi-
ately five milliseccnis. Thus i one decides to add series
inddctarce to the motor to reluce tue current riprle

effects, that decision must be tempered by tae fact that the
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trausient respounse c¢f  the system will crange due to  the

CLiLgye 1 the motor's electrical time constarnt.

B. EEDUCTICN OF VELCCITY RIPPLE

Cptimization of motor performance wiil rejaire that the
riprle content of the motor velocity at stealy state L=
Rinicized, To reduce the ripple, it will ther be necessary
to reduce tie speed tceclerance settings wnich will estatiisn
tie pulsewidth modulated input signal to the amotor. To
deternmice tne effects, 1if any, on motor fperformzance (otier
tran the reduction of velocity ripple), 1t was necessary to
rerZorm a nunber of simulations with varied speed tolerarce
settings.

Three simulation trials were <c¢onducted, with the speeil
tolerance set at + 5 rpm, 1 rpm and +.1 rpa. Table IV
sunmarizes the results of the simulations. The data zior
Table IV 1is plotted in Figures 4.4 and 4.5.

TABLE IV
Perfcrmance Trials for Various Speed Tolerance Settings

Speel Toleraqce (Cpa)

+5 x t.1

Load Torgue rig'le forn rig le form ripple fora

{2z=-1n) (Lf factor ( f factor (mf ftactor
05.9 2.19 2.860 J.89 1.765 214 1.7909
16.0 3.00 1.816 1.16 1.138 <242 1.121
32.0 3.44 1.372 1.22 1.033 235 1.026
48.9 3.57 1.283 1.21 1.d12 .228 1.9 11
64.0 3.71 1.095 1.20 1.005 .228 1.995
80.0 3.79 1.054 1.29 1.003 «259 1.002

It 1s apparent that reducing tue speed tolerance Jlces
indeed reduce the ripple content of the @motor's speei.
Additiornally, as the tolerance is reduced, so loes tne fort
factor of the motor(for specific loading), indicatirg anigher

motor performance efficisncy. Tus a5 speculated before,
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wit. lower sreed tolerancas, tnere exists 1aprovel wotor
rerforaarnce., CZ ccurse this should save been 1ntuitively
okvious evern prior tc coniucting tne simuiation trials cue
to tlre fact that the jJreater the speed tolerances, the
yreater tre 1nertia obtainmed L7 tae rotating nass oI the
rotor L€Zore a speed limit is reacned arnd thus greater
danounts Or eneryy would have to te expenpded in orier to
ircrease tie motor's speed back to the current ccnmanded

speed.

C. CCMHENTS

“e Lave sSeen where the simulated periocaance of a
modellied brushless d¢ motor Las Dbeen improved througi the
addition oI series inductance and the optimizing of th-
speed tclerance settings of the chopper <control 1lojic.
There are reasons to assume that the perforzance ernance-
Dents noted in this chapter may Lot Lecessarily be realizel
ir an cperational cruise rissile scernario. The firal
chapter oi this report discusses where caution need be taxen
wien reviewinj tials work and prior to applyinj these results

in the use cf brushliess dc motors in ierospace applicatioLs.
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FORM FACTOR STUDIES
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(¢ V. RECOMMENDATIONS FOR FURTHER STUDIES

As stated in Chapter 3, the assuuption was made tnat trne
missile's ccntrol logic would Jererate velocity coamands to
*ii the motor ccntroller unit. This may not rnecessarily re trues
for all missile applications. Certain controllers zay
generate torque commands (or eguivalently, currert ccrmancds,
as current is directly proportionai to wotor tor jue) to the
motor to provide a constant torjuae td> aifZect the re_juired
missile maneuvers. The effect that this woull nave on the
simple ccrntrol scheme studied in tais report could frove to
te fairly significant, and will now be looked at in closer
detail.

A. BEYOND SPEED CONTROL

Ore major change that would be reguired of the motor

coatroller 1if torque commands are to be 1issued from the

missile control logic 1is that both position and <current
) loops would necessarily have to be <closed around the PW4
amplifier. 0f course, the implication of generatiryg tor jue
coumands is that the operating envelope oi the motor ¢tv
[ necessity would have to be Jdefined to include the plujsging,
' rraking and the regenerative brakiug wmodes of operaticn.

Tlie importarnce inherent within the inclusion and modelliny

AX‘.-.

of these modes is best justified by rnoting that the regener-
ative traking mrode serves not just to coantrol the trasinj
torque applied to the rotor but also to recharje the

T

micssile's supply batteries. The model would then need to
Lave lojic Llocks which could recognize when each orerating
mol=> would te approjriate and then jenerate the regyuisite

commands to the motcr control loygic. The idealized step

\a NS Lan e an s o a0 g
.
Ea
.
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res;onse of tae Iin actuator systez to cowzand Zhante 1n Zin

position is siouwn irn fFijare 5.1 with the rejuired rotor
oyeratin; modes shown as a fuinction of flay positiol.

Since 1) 3 fositicrn 1doop Las yet to ke ciosed and Z) Lo
acccunting nas been rade for the modes o0 operation ctrher
than wotorin¢ in tne forward direction, 1t 1s most uni;nl’
recommended that these areas se investijated to more accu-
rately model the motor as aL integral cart of % overall
rissile £in actuation systen. it 1s erphasized here that
moleliling the positicrn control of the fin-motor systex woull
Lepresent the next logical step in accurately simulating tne

dynamics or tne electromechanical actuaator sytea.

B. SIMUIATION DEFICIERCIES

Studies of the modelled motor rnave teen conceantrated on
tie res,cnse of the systeaxa to ste, 1irput commands under
constant load conditions. Of course, unider rnormal operating
coniitions, tuLe system nost undoubtably woull be sufject to
a series of varied load conditions as the missile steers it:
course towards the target. The load on the motor would tiaen
Ee a functicn oi the aerddynamics to which the missile is
sabjected during f£light, i.e€., aissile speed, attitudie,
acceleration, etc. In order then to uodel the system ftetter
urder tie dynamics oz £lijht, the elffort to close the posi-
tion loop should Le followed by more precise load studies,
so that the motor's Lehavior may Le studied within a context
more cClosely related to its predicted operating environment.
Other studies that would prove worthwhile include [(Lut
Certainly are not limited to): the study of the voltaje
switchiry affects on the coptroller's power «transistors,
desigringy the GLardware required to 1i1dglement the rmotor
contrciler loyic, as well as the assoclated sSorftware.

Studjyiny of the effects of ciosinj a pad3se-locked servo iLooyp
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or velocit; corntroli mijut also pbe concidered due to tue
Systel's precise speed rejzulation capaviliity.

Cne caution worts noting 1s that the model u1sed as &
tasis for ail simulation studies assuzed 4 iihear, averajz-
£ia1x rack erf waveform. TIhe back emZ sigral is iL actaality
siuusoicéal 1a  npature, and wouléd tnercefore ra2sult in  the
aiddition of fundamental anl harmonic Zrejuency comgoLents to
the motor parameters wiolch were studied, sucu as current ani
velocity. It is reccaomended that for furtaer studies a 2cre
aivanced motor model which simulates sinusoidal back enf te

utilized.

C. SUMMARY OF RESULIS

Pulsewidth modulation has Leen saown to Le a vialle
metnod of accurately ani reliably controlling tnre velocity
oZ a bruashless dc motor. Form factor studies indicated that
power losses in the switcaing transistors a@ay be minimized,
tius allcwing Zor smaller power transistors and reduced heat
sinking, which tramslates into recduced costs in controller
design and dimplementatiorn. TLe addition o0f series iniuc-
tance was shown to a have a very definite 1mpact n aotor
carrent ripile, reducing it sigrificantliy in compariscn to
simi1laticns conducted without the series inductance. Use of
the limit cycle pulsewidtt modulation schewme was shown to be
a supericr mathod for impleaenting pulsewadti modulaticnh.
Areas where further research efforts may continue have leen
presented, including specific recommendations for fcllow-on

studies to tauls thesis.
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The motor that was molelled was a comzercially availarle
trushless dc motor. The current and speed curves fcr tae
notor Lave teen swown in Figures 3.3 and 3.W4. The motor 1is
a three phase, Iour pole zachine with the commutation rteinyg
accomplished zlectroricaily wutilizing a set 0of three Hall
effect position senscr devices anl a set orf six sSwitcling
trarsistors. The switching takes place every 3) degrees of
mecnanical rotation.

The rack EMF signal was assumed to Le directly propor-
tional to tie motor speed. Tue actual, sirusoidal rature of
the waveshape was not taken into account in the model used,
Whit follows 1s a brief description 2of «certain gprocedures
that were adlded to the »asic uwotor siaulation yprogranm, a
description of program variables added to the initial
proyran as well as cbservations made concerning the execu-

tion of the simulaticn projran.
A. PROCEDURES ADDED TO THE BASIC PKROGRAM
1. Procedure ICLI2

Procelure ICILIP was aldded to the aodel tO account

for the addition of the freewheelin; diode FdD. Carrents
were then necessarily clipped (negatively goinj) at Zero
aLperes, thus preventiny the circuldation oI ~Lejative

currents.
2. Etrocedure VCIE

This procedure takes as aa 1input the Velocity error

signal and yields the motor's input voltaje Lased upuvau
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couafded s;eed and trne establisiel speed tolerarce. It 1=

witnln this procedure that the liamit coycie lehavior o:f the
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As th2 output of the intejrator oniockx whichk yiclds
rotor position counts upward continuously fLrom zero, a
Frocedare was reqguired to> reset the rotor position to zero
degrees when 360 degrees of rotation of tne rotor was
actiieved. FESZT keelps track of the numpber orf tines tonat tic
rotor turns past the 3¢0 legree poiut and uses this informa-
tion to update the variable THEST, which cycles rarges fron
zerCo to 260 degrees. The importance of this procedure will
ultimately Le realized when a position loop is closed withirn

the systen.

B. MCTOR FARAMETERS

The parameters which follow are those added to the tasic

projram to achieve the rejuired speed control eifects.
1. ICAMD

VCMD is the comwmanied motor velocity.

ICLIP is the motor currert wpich has woveen aljuste?

to prevent rnejative current flow.

4. 71HRS

"3

'»—l

THRST is the rotor position in degrees which ranyes

from zerc to 360 lejrees.
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:f C. NCTES ON PROGRAN EXECUTION ]
&( 3 fixed irnterval intejration tecinijde wWas 4sel in lieu ;
of the wvariiakle step Runge-RKutta aethod surplied ac a )
default inteyration techrijue in C347-I11I. The trarezoidal 4
. tecinlque was used as it demonstrated itseli to periora as ;
l, ccurately as tne varuable step methods tut used better *lhan ;
" 537 less computer time. The integration irterval was chnoseu ]
as .000001 seconds. )
- Since the switching freguency of the motor was oI tie 1
;e orier o:i 2300 KdZ, to accurately observe adtor kehavior :
Y durirny the puise orn arnd oif periods a print interva. of less ]
' than 50 microseconds (typically 2) amicroseconds was chosen)
was reguirec. 3ecause of this, it was diificult to observe
A the micrescopic detail of motor operation in terams of the ;
¢ variances presen*t 1n tue current and speed for fperiods of B
] Jreater thnan one secornd, as the CSMP progranm is limited to 1
] approxisately 5500 lines of output. Tor the studies umale
ic for this report the limitation encountered Jid not fcse a ,
8 major grokbien, but couli [prevent an obstacle to <Ifurther
;. studies. Of course, as tre studies o0f this systea advarnces, 1
the requirements for such detailed assessment of motor oper-
t_ atiorn may not be . resent, arnd larjer print intervals may Le |
“ used, tius allowinyg stuiics to be of greater iuration. !
b J
1
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| J
| ¢ '
v )
.
4
| »

52




TR T T e T TR Y Tary T T rwavr . TR e Y ar
[ ]
L ]
]
[
- Z
o L{~
. (25
o nN<g
D
] 1} (W1, } )
" (& P4 @
[Va] - ) e
%] b wiQ ]
<1 . 2 (W]
— - r=suig W
N nOo ~Z
- *— ~— -
- ~ ~J— J
= " < (]
-1 1] 20 >
T [« W L= S 84
1 d4d e ol ) D o -~
(Ve A= ¢ @ 2 < un
“1 O VZ—~ ) Q O
0 =z ~ e ey <~ =¥ N
— NNOJT JD=-Ww »
B 4 e WO > 4 uy
N %] Ot~ wAn — T —
Lo < O eIt W X7 =11 e
- - oo™~ V) =t (e He W — - —
g - . O duik | ud [S] [$)) 4
o - AN NE DTN Zdi . —~ n ~
0 7 Y3 ()= —t oy ~N N —~— ~
- Haod>» 2Z'wud £ V] — ~Z NS -~
—ed N4 4 —> QZ9<— WL - o~ e, Z— b 4
O = - U= I o - X [o— zTO
ol D N = = o Lrtpa Y NT T e - N - — =N -0
N— 2.2 U L U< <X [T &) Qe MINN o~
O e T -~y OO UJUYY Z D o [ \ U, o<t NI [
—~— D Do LDODX a0 wu” >a -~ Q Oz O
—d 5T ryuv) s oM 1 » Y (W o b IS 4 ~ ™ Ny 5 LU~ 4 (o SRR R _J & 1 ] )TN ~ 3P
el 4 I, ¢ g ] Wi L m\ ™ g ) VNN [anad @ L POV — > [ "4 Lam ] ."EL
(GRS 1] — < AuUr2 a2 w3 < V) O » O WwO Ax&<d
na, >4 tHb- i Uda) <t # Qo J O e~ ! ~efb— —wip X D
Q=X " > W) Dt ZZ J 4 (] Q3 e * ~y # 4 ZHw
D Arer) 2 U4 Li<dx wdg WL QO a aaq# LAl Q2 € £L
D2ZZ0 Fd s a QWX EL) NN O * LA T2 DU redrt )€ 2
N4 < ¢ N 4L I 4 d4d+ 40N O > JLqL 6t D> ITZA §
Q. JV XL ey AN | Wiewix " « i DLXL SO> A= —ul i W oW
b QA. O — =OUO a7 1) ) [} ZINTDY O 0> - 0o o XN
UL I2VIVI DL o [ ] (] "MW w - (9] 0w (] HHn 22 AW
O <A gt | W40 L1 - nnwvgy =l [} —N A0 U=l
AL XONV) =~ DEw | Q. xa.a nn g ZTLY—~N OQZZTZ —~ON XX T W
AFUL s 0 s =D)LL AN D= ) So 8 8 ANTUWL AW ) ) e~ T3 Z TFITS WL D
T XXX 1 Z ) LI~ XLZ DI NOIIVILI =) Il > D idpmb—t= T L T ==
NNNINNN Z DT 2 >=
NWNNNNN = QA 1t 3 3 3¢ 3p 9 3 3 38 3t zZ (@] 3t

PP W W




=" T Nl 2 aan 4 v r wow S el aame Land B — i ouns cat Btte gt 4 S e T R At g v g a) ml DlP~4s v R o
DAY e e M) ' ] @ : ® @ A ) o . b
q
8
L
ol
X
3+ 10 3p 3¢ 3¢ 3 3%
- +* .
W =W 3 P
W. 3t 3f 3% b b * 0 Z— 3 LA R R R R R LERE X
i+ 3 * g — i 3 i it # -
W #* * A #* wwy * * * p
T+ #* 3~ L * L Lo =4 i 3 *
3 3 3 g~ 3 #* D 3 #* Z 3
#+ W <y D H# RBANALZ Z# #* D #*
[} 4 > » 3 daVr—~Q w LS Iw wJ W
* = B #d OZ # WU e oty #OQ #*
). L I b oo lonYhs L TS ¢ ] # W i oW
b I S -3 #* 4 #* # DD O I #
W W WL e Wi #* 0 #
#iI)U # I L # * XX X 3 Jud
* = sk VIR LY W S 3 #W O o~ D 3%
b seur > 3 #* # =D N *_O #
IS I # . INDY e~ # 7 Z % PEZZT *
*ZL W # GO>I0%# # 0L L QUIUL 3# < #*
- L JUUTS S N L ) oo # QO LTt L ATV
3 D 3 o =N QO .o #let=<t X # O # -~
F1 72 10 B [P FITWZ> ~ OO * QX Wi #* J= Q,
] W R o~ B O W 4 ™ RITAEL R -~ #X <# —~
) * X 3 S+ 3 (] " #<g QUL ~ AU b~ N
dFaa 3 na # LN QA ~ U # O Wi, Dad - # D - A
L #* A % F R TS TY i 3 > a * I T - U - —~
| FUre #  =~aQ U VVUQR [a N # e 2 #* LO# -~ o.
LIS T # LT =223 - 4 #1u TOTH# — # Q= - 4
b OV -y g ¥ NI it o, O #* L=t -0 # WDH o [T
| HC QAR OO #*— G # o > 3 = # Z— #Oauw# 20
LDk e ] L I TTRNTITa ws - # WVNZEZH — LIS IR ant [
4 #DDaCH O # 0DV > #* S~d WO >0 #* Lo - -
% = I O m— T MR (3 33 #$0Oa = ¥ ~—o 0w a0 P s YUD ]
T OO W el e) W=y W) w > - w QI Wi wJ U €% Q= landan I &
b HUVA H D e # U =-IIO R e #Z QU W £0 FQIAOH Q -tz
1 3 O QO #U D uws > >3 #O e =i W #Oowaw —) —a.
3 QAR L % D L NVISY E: ] P e UI<Q UL 3 (. ] -4 ) L A » T R |
3 w .y » [ 2O WA W " L | WV I L o T~ | ad +*+ e [aad ~
3 $p.d R O udre— #* d—Jd Iw O h=p= R W [V iR LS ] HEZAIN - oa
1 Uk 3 QIZ 0 _JO L XS T PN a e 54 fuUIXA QA N st + #LZa qTax nxa
x #=ZWH g e #>DI >~ e e # TODO0O# —~Q 3% WO =3 o i T
L & =xw O us 0 3 ey (U] W =~ 3% L Y2NTWW H WS IR Ti=Quvy Q.
r~ W IXLH M EIX WU~ 3 > oot % w o [l e P YO Q» a e N @
] 3T 3 ot —r— ) #X>DT 3 e D # WDV . ZD #wn * wan N
s N L 4 DWOH W) * 0 Q. duid W W ke L=Qk~ W e O #QWNH wy O x
" AL #* o iv] * QUIZUIO# KA F =IO Z = =W ft L ICw % - (o UP L
3 L) RUESOR I WL Aaw AU~ RV AR D LU R R DK —a
' (@] #OWZH Q=D Qb 3 = Q # - * O>ZQZJ30 #4qC O# NI LTX
L 3k Oli—ade W Y 3¢ ) WU ) W ol 3 <7 Wwsg Wewrp= Q=X X X= W O~aa.
4 L XX I Q Q # XU T T)# QE—~=Q, #ZLLZIiH (@ 1¥ a, # TIQ# D,
¥ ~a. #au D% O M) 3 Ourtpmt—= 2> 3¢ Q 0 #beb<<i—it [ Lo ) onND AU H O o
g 3 * pd #* 3 X Z % 3#* o ——Z 3 * x V]
L i H a wi 3t 3F 3 3% 34 3¢ 3% o UL 3 3 3 34 3¢ 3¢ 3¢ a Ul 3¢ 35 3% 36 3% a.
S
s
"
-
]
\<
y
: N/ | . N . e e




PR AP SR N S R R e

PSR AL st e e e g

1 i 3 3 3 4
<+ ®
# V) #*
e % 1
o i "
* ) » 1
3 - # .
* O * .
3 * (] 1
% *
WV B -
* T K3 4
E S TV ) o (g .
¥ 9 # o 2
0O # o Q.
ShUIUW 3¢ (] =z
#ND ¥ -~ . -
1% W # D —) -
FXO # w o v
B 0O #* O o e 417
#OM W I o T 40 Tt e
T - L K 3 W =ty e )
# UV #® - —0Q wv
FONU ¥ Q =) = ¢« & «O 1
UL O+ [t > L~ k
FOJ W [V, 16 NI S .
FODA # O 0 cuwl
* ey # - D o - «X ) :
# o % = o TNy IO
#* U ® W —~ . ——ly
# AR NNOVNO—~ DOo0O w =0
# LWl W o= o e doaus L
* e O QO - =g Y
WL WL NS wa ,
LW DR =M (RTINS B 17,
# OFUR ) W) o] TONE o - ‘
#FOOUQDF O [l lol.WsN. 1 4 Q

wuw St ¢ L L J4Dww O a—Iw

20 B O#% U s 0 N L2 YUY G Q

ZD #JI2 _#* L =22 g~ =TI QO

=) H LI W vy =D mu. N —EUl XZF

T D N e B S T ) o o = wvy 1

Ld R R ) ALY QUI =\ I~ d w

DO HUV=XXHF QI ND=LOD ZJjuwrazzwuw o [eo]

OL NI W LD ke T Tt s Ll BENE- 4 (@)

QA #FTLTOIdH# OV Q. W XL Q. e}
O #AadDdE Ol OO LA oA Ja. Q
~NZ # X +Z [17] Z 3%
ul N Q w - #* ¥* STAN




(JUg L, =+ o

)
g - z
3 e -
, V7] =
s 24 w2
] ul [ ]
. D> W -
h D -l
5 Wy,
78} Wy
pled -
<9I - -
S AV S =
we L ]
> X W=
LI=E T -
. — £ 174
4 woa -2
”H.. Tx -y
& a =< ——t—y
b o | Q -
- QxXu. -
a - ~ 0O [PU RS ¢
. o ! >Uu,Z
) e —<q U Ul
q . > WL 3 e
[ .; TW 4] A Z-
: - QA= XN »
b et Uty e ex
m IR B £ X wmoa
belf o1 N o e
4 ARl wnwl AqO
[ bl e L ZqQp=-0 £ «0O
<7 -1, uJ (] D ) e
or L = awuv = J
. o X NIV N
1 - W W e
{ T € LUV A,
. (] [o'4 < P of - e wi
° D VIiedv)y U Uy
[ QO I < Uar~—
. = Ao - o2~
. << Qv s
. I ZOQ ~wWw>m
3 ‘DIl
» Q e=d Jdoa Al
8 AW~y A
y QAL<CD WUl
- Wwora,
[ b [V B 0
¢4 —QEZ
A @D TZ—2
. Z9O kAN
.. w=
B POOVIVV

-x

—

N ThE TwO TERMINALS
MUTUR

QILS
E

o

wo

N
) e ¢
e O
[ R EN)

nn
v Z

UdZ o~
@x—=.>»

OF ThE WAvVE

IVEN RUN
C

20
-
uws

vl
N4

w
W
w
U
w
xo
W

LUV VLIVVV

VESHAPE

TJR
WA

W
u, =
Tm.l
wZ D
DO
TJxX W
[s oo 2w
(S 5 BN |
—OX o
—~ZW
QX ZON
LTS W)
U3 <
o, C<
W I
[SUITT N TY] g
LI
=~ -
v v
(Ve 100 Lo 1%, IV Y]
—— .y
D
~40O02Jn
[ L | )

.
.Ad
A N
—tay M J W
~NOO0 T O
LR [Ja el
H vwy .
n >
I WIn 1]
w =
s 4 P 1 Wk JW [l ]
W A L =

14C0

IN IS ThE SYSTEM CLECTRICAL TIME CONSTANT

C

(]

LU0 QQULVVVY

[]
(@)
o
—4
~ £
Q a
Q
'
¥
¥
-~
vig g
wu u
QX ™S
NlU, O
d ™ L}
O Kt
Q O,
Ze=2 )
e ||
o~
LIRIRVEIeE]
b2
& Ly
N
o

EC I& THE BA(K EMF

1 # RPMAVE *,0558 #P1/5C.0

-

l.¢

tEC =

==
ZZ
wwy
s 9% 4
XY
22D
JIJ
ury
TIT
[
W
a2
22X
22
T3
—t
> £
<
2 W
wx
- 3
L <Ll
' It=
—— W
s Z W
wwou
[a 44 &
Wuing
wwivivy
L L4
=22
Q.a
wuy
I Tww
=L
=
vivy
i 17217 ]
r—y—t
==
——tg D

P




R Ve i = S A S SN =]

bl Sl e Y

. v TS TR e

o e T TNTE T

ECQ)/RES

—~
oL+ =
—
NL®
—x
- —y
~ i
2. ~0
=0
#J)+
Ly~
~— NS
| =
o>
W N
o =g gt g
L=~ N
- e Q-
WL, >
[sSh e A g 2= 4
~— )—e

»._
—~ 3
- .-.
.o .
z .
-u i
[
C L
= X
L
3 - ._
4 L
2 . ._
ul €0
~ e
- ) -
QO -~ ¢ =
[s 2 S (@)
- - — i]
Z N u,
Q T ~- -
() - N - =
- [ R —~
E N Q© e 4 )
T e Yy = .
a. [0 0] - - e o]
U - - W
ac - - ~ -
QD = ] - - = o~
u. ¥ W
now [ 17 L ]
(% ) 2 OX®
QD D> ¥ e~ X
—~ J X W= O
b Z OZ o sa Qb=
) W perte > IO

L <L)
Syl _Joma (IO
Qe O= (o O *Oe O =
— TN &\ &yt I
S B NI e B Nt
V4O 0 r4 0= Q~0~
" " et " et et ™
-t b = b =
WUV QU < U <L
(b A al A adod b e P o 2« W
L O 4 I O L e QG (D LD
A IO I I I Z
VU S S U, UL SU, SU VI

O O N O
-~ N NN

100
200
N
N




AR/ Dade 20 e AuEL e

T ——

AR £ _amiima

Vv VT

v T LN A aenensngd e 2 - amand " Y= — Chman 4 uramy o o0 oo anOe 4\ S an o an o s 0y~ 4mr e e e g e

01,045.01979?1390043 )._ 094914.3411599530.306271442572392

NYUYMIYWUNDOTFIT YN e~ T DN VNI T ANV MWN I TUINDCIYY @ 0 ¢ 0 9 ¢ ¢ ¢ 0 ¢ ¢ 0 00 0 @
2 NOWYMT*"ONOY ¢ ? ¢ 60 0 09 9% 0 ¢ 0 0% 0008 000 9% 0090 ¢ oFrMNOUPMSUYUTNONTIR—NOER
A ~NFDO o 00 ¢ e 0O~ INMPONTN DD~ O ONOWF O OM LN 0 NG () N 4 L DN NP
LO ¢ e PNV~ ONYONTFODVAMOPNNDVANDVANDYORNP =N DN DO OO AN NM MM & FUNN
X 4P UAAHINMUVLY QO et rd m4et (N OO IO P T UYL N N -0 1 Q0D U (N U et med ret e e ed ot o ] el 7= 4 7 o =l =4
K 3

(2icolelolnlololololelulslolalolololalololololololelelolololalqinlslolalalelslololololalelelalole]

i slelelelslalelelelslelslalalololelslelslelsleloslalblilelolololelololdloleololaldaloldlelsls)

vlolnlolelslslelelololslelrlolelolalslololnlolslolololololalalqlalololuinlelv]olglelolelolals Yo Yo
Q. ¢ 80 ® o 606 0060 00 0008 060 090000 06600 0006060690 ¢g¢ 00080 6% %0000 000
Eleledlelelelalelolelololeldalale slolalolololsalolelalololeloleloleolalsloleleslalolalédlélololnlelolelole]
QMO MM EOMOEM OO MOMOM M OO TIO OO EOEEOTTMEOMEOMOEOEOEEOTIEO TIOEOEOMMTIENTKIN @ 0 0 o @
>

OOUVUNTVDO~MNMNNNOPRO TNV~ TR NN OO F—NO DN -V T PO O N DM M0 N

QIO O RRPDNADAFIDAF ORANUINAIND QDN DO 0 .O0 OM N N O N O g1 MN N
A DVDIFONHND INP—NN'DFNO QAN DA NNMANIO D TOINDMNM 0V OO N DA -MIN-$F F NN
W NOOH O VMUV (7)Y DO N W W P O UV DT R N O OOV A T P T T F M RNV U ™ (V)
.L03 [ I O I SN I N S I I I I I S T e N Y R I I B A B A N I I N R R R E EE ]
D008 mirt~INININON: N MNP T T3 T NN UM NN W O QW WOV VY YW 00 Q0 OUOWVONWWNT T
-IA

FAA R it N SN S i N A N 48 S £ a0 i ot Gi i o N i G it T Kt TatTa s I It Tad TAATas Tl Tea Tat Rad Fea Tad Tat Taa TAR K ad Had M a Taa Tas Yaa Tad Tag ]
OOOOOOOOOOOOQOOOOOOOAW A_uOOOOAWOOOOOOOOOOOOOOO (elelolelalelals)
Frtor v rre et [ L L R L e I e ]
(TS IS L.LDAuCDECCCDCCDCCCCDC.LD.L.LE.LDCEC.LDD.LDC.LD.LDC.LDC.LLCDCC
[sleleinlolplelglalolalololololelelolulslelolalalnlslolololelvlv]elalelolqlolelollglololelololelalelelalel
[el¥lelslclolalalslslslelsivlolelolelsldlolslilalblolalolalélolalelsldlolalsll SilelblelalalélsldlaiblaTe)
[gleleidlololelsleolalelololSlolalalolololololololalelololalelolnlolglolalolololsldlolslolalelalololelelote)
VOUVOLOUQUUUUOOLOLOVUWULOWOOLUN W QWT WINOUT W WU T DN O T WINWO T W
QONIYOTODNYOITONVOFDNOO FONHYOQOQO~~NNNMMT T SN O QR DDDNPFOOO—~
™ 0 06060 6.6 00 0 900 0 0 0 0 0 ¢ 0 90 00 0069 3 0 0 069 309 906 ° 90 9 9000060 069 92 009"
¢ FO~A~ANNN MO F LN O O DM P00 T0 O ON Oty b e b v e 1= i bl b ) o el bt — =l — Y NI I

TIME




Rl JEING. Sl el Za g

Anie S dai s el A S Bl 9 Nl el

A P A S R A e A

NO NO e~ NANG A F NV DORNN QAINA e N OM QO NMNOM QOMNQ UV E PN QD AYNNR O TF ONPO AT N ONND

® % % 9 0 ¢ O 0 0 0 0 00 S 0O QP SN OO N PO OO0 SO0 R PT 0 OO e PP TS P e e e oY
L QUAVE N WM T OV N T 0 OO e 4O U U I0 WIS Q0 6 WU ST MY N =4 € UN QD T0 Mo OV AT () OO 40D N TGO QUM IO N (M N O U 0 e 0 1)
RN ANNN I DPOO A At A~ —O DO OO0 OO QONDOODODONNPR PN I O NI DDV VDV VDO VDDV VNN
WD Q0 000 Q UM Pl Pefe e et et P P S e Mepe N s 0Q Q00000000 00NV R0 VOVOVVIVRLOOWVE O
i i R Lo R L L b Do L L L Do L R L R L B T L L L T e L e L e T e T L B L L Lo T L B e L B L R T Lo B L e e L e T B P B e e e L e L P Y]

OP PO rd—I T O
OO NJO NN NN~
338307 N PN FO
O INV YN D NNOM T
AR RAEREARR LI elelolblololelwlolololelslo blololelaldlelololalole slelalelolelalolalolelelolololeololesviolololelololole)
/&.::Au.‘zpl—llllo.o..........0....0.0...0.0.0.00000.00.00000.0.0‘0....0.0

A IM M AN e Sad Ko I TAR AR Inn Tad IR Ta ik Ina Tad Tad Rap It e AR Fas Tad Raa Taa Ead Ia Mo AR Ko Ta s TaaTan aa Taa Taa Tia Ta Ina Taa Tad Kat Taa TaaYad Ea Tas Tas Taa Tas Tas Faa Yot Noa Taa Raa Yo Ina Taa Taa Yo Taa Faa Tas 1ad Yot )
00OOOOOOOOOOODOO000000000000000000000000000000000000000000000000000
rtr e ettt et bt L L LN U N T2 T J I U T R I D I I R I I |
(3OO IO JLIDO .U.LDCCDECCCDECDCCECDCCDC.LCCD.brLDCCCCD.LEDCP&UEDCEDCC«UCDCCD
[vielwlelelvielololeislelolelovleloluio]oiolulololv]nlclololgielalginiqglelaleleololpslelolalslolsinlolelslolalglelelplelelelolelolelv]e]
OCOCOO0OUVO0O0C0CVVCVOVOOOOVLUOOLUOOULOLVOVOOCLOLOOOOVVOLOULOOOOOWCUUOOCOVLUVUCUOOO
lalglgelelvielélelaloldlelvioslelslieiolaldlaldlonlesnlslalelaleoleldlsld ololslaloldislelsliqglolololelalalsle dlelnlalololalolololnle]
WO TN WNNVWOT WINUVONT WINWOQ S WINWVWITWINNWOIT WINYIT RN YOUT VDNNWVO TWNVO T WINWOINT W NWOTWI NV T WINOWD
~ONNNMEN - F NN 00O RO DRPNOOOQ A NINNM (N T $UINDNY O QM D ODNPNCQQO~NNN NN T $ TN Q 00PN
® 2 00 0 0 0 00 5 00 gt O et 9 0O P PP RS O 00 S eSO EP QPO e g0 g 0PN g o

NAINANANNNONNNNANNN NN NN NN N0 N 9 ammnma oo oMmaqmnmnME ST ITITITIrIsr IS ey

59




P PODA~NAAA et r A At =~ OO P N Ode Q' FON~ PN DN M ONO D Q3 NOQ VN Nt N\ NO N F ~ 00 NN DNV N P NN it e Y ONT
LI N I I 2 B I RN Y TN RN BN IO TN JNR JNX BN BNY RN SEE JEN RNC RN NN NN NN TR RN BN BN AN BN BEK BN B R BN BN BN BN BEN BNE BEN BN NN BN BN BN BN DN B BN BN RN REY RN NN JEN BN SEE N BEY BN B I ]
YN N WN QUVFNINAS O UM QN F IO N P QUYNT (VYON= O WO QU DIN O M QU VTN N = UY W UV Y et O UN M O T VNI M )
PerePeisieie 900 00 .9 090 ANV NNNNS P F FF I+ MM NN OO NN N A et At et O O O QO QO NI
VOoOVOVOVOOVYIOVIOVYVIVVVIVIVOOVIVVVIOOVVIOVVIOVY OVOVIVOVVIVVILOOVVLYVLOVYJOVO VYO YUOUW
Lo L L T B E T Lo B R Lo P L o Lo Lo Lo B E B R Lo B T L B e e L L T T e R L B R L Ko Do R L L B L Do L D P L L B R L E e L B e e L D L L T P e T ]

(ololelelelelale/alelolelelevielolelolololslolslololelalalslelololololololalolvlelalololelalolelalelslelolsls olalelelololololelelels)

L2 I O I B O B D B D 2 B B O B B IEE DNN DN DN DR BN TN INN DN DN JNN B BN JNE BN DN JNE BN NN DNL N L NN BNY RL NN NN BN NN BN DY Y BN I JNN DN DN BEN JNN NN NN BN INE DN JNY BN BN BN BN ]

(elelolelblolelelolelololslolalolelololslslolelalelelalelololelealélalolalallelolslololelolelale olelolblele sloleleloldlelslolole o)
L I A I A A A A A N I A A A A A A A N T R

I AL e Taa AR T TARTantas fad e Ias TanTanienTas Taa Iaa I Man Tas Rad Taa ToaTas TaaTad Taa Ias TaaTaa Tna Mo Taa tan aa Taa N IAd Raa Iag Raa Tt Raa Ta s Iap Faa s Taa Taa Ia Nas I Yot Iaa Taa Taa Taa Tas Maa Yo Yaa Taa TaaTan Iaa }
000000000000000000@000000000000000000000000000000000000000000000000
N e e e
LQQUOUOLOLJIVLIO0VONOLILINIVOLVLOVLOLOLLOIDNVLOVLOLIOLULOLLIIVOIWVOLWONLAOQLLAOLLLLOYVV
[alolgloleleloialelolalvioloiglolololglololslslvlelolslpinlolslolielololalolalolJololqgloluiololololole wiqlololalelolelglelolalalolole)
NOVOOVOQOVVVOCOUVOODLLLVOWOOOUVOOCOVLVOOWVOOOOOUVOLVLOOOVOLOLVOOUVOVOOVVLOVOWOOWVOO
VN WNWO FWINW QT WN YU T WIN QI T WINVUT WIN WD T OINVOT WNWYWONWNUVUT WNVOTWINVOSVWINDUNT WIN QUIT W
DODPP OO NNNMNAL T ITNIND O O VRV ODNPOODO i~ IN NN NP P TN 00 QMO DD PPOCO~~N NN T T
® % ® 0 9 C 9 0 g 0% 00 0 9 0 g O gV o 0P 90T OO g0 0O P gt 90O OO O Q% RN e e T POV o
F L OO IDEEOIDADANDIINDEA D N A DA N0 000 0WV Q00 0P 0 0VOVOVV VOOV OV OOMPI NN re

W

O
PPN o 1 W

Lt cetathcale




AN Bl 24 fh AR AN >0 I et B ey

T ™ W

e

ryarYw .nPi e

A £ 2ol ol ol S el e e~ dPhFar It S NN U 0 BN BN SN R A Shc G dhL L Lok aen aee Sag SN el 2 T T T Y VI Piadraesiaties o oy as an g et - T

ONHO 04 =0 ~JONOF DN =NPONQYOTNAF D~NINOM QRNTMPN G YO~ RONDINQD RO ~N SN QRN D
.‘oooco.-o...QC.....‘Q.....Q..0.0..Co.‘..o..o.oc..‘...o.........O.a
YU NO WU O I QU U OO WP P NN WY T U W O TV UM U T O U =L N IO Q0D T )~ UM UV 1 QD W W NO W T O
QAP 0DV NDV0 VNP PP 000 0 O QNVANVNNVINT N F 3 FF N0 NN NI NN A rd A~ A4 O DO OD O N DNV DD DO
LU AL O QWO DD DDA OO AL O LA IO DDA D ) DD IO DD IO OO DD O SN NN N $ 8 $ T $ T TP
1111111111111111111111111111111111111111111111111111111111111111111

(Sleleislelelvleleloleololelolelale[alaislololo/ololalolololalolelalololololelolelolalulblelolelololololotalelolololalelolaYelelaTe ol o]

LA B A o O O B B 2 B B B B T BN RN RN I B NN I B RN B I BN B 2N I B NN B N R I N B AR IR I R IR Y

L A A A I I A N A A N N N R A N N N T E I N Y

DAL B TS I I AT Rea aa Tt Iaa Ma I I Ia Tad [ s e Fa aa Kaa e Tad Iaa Taa Taa Kaa Tag Iaa T s T Ko 1o s S R T T a T Yaa Taa Taa T T Taa Taa o Taa Taa Vo Taa Taa Taa Taa s Yo Yaa T a Xaa TAV IaV TaV TV TN ]
(olalelelolelelalelele/wlelololele(ole/ololololvlolelslslololalolololololvlololololalvlolelalolvlolalelolololalolotelc TaleTotaloloTele)
NN e
LQLOLOOIVOLUOOVUUOVOLLLINOVWOVLIVNLAOLLOLIVOAOLOOVVOLLAQAVAOVLWOLLAVNDWVLIOLLIVLIOLILIODWLILY
jyeleleelolslelelelnivialelelololginlslinlolelslolololololololrlalelslolalolnlolelalelslololnlninlslelolololelelnloclelololrlolnlvlate)
[ololelldlelolelaldldlasllidleldld slo/nloldlalsliolslalbslalsololsleblelnlalslslbloldlolaslelelalBlsInlclelsislelstelElels o8 s15]
OO0 O0VOVMHONOVLVLONOODONOUVQVO0VOOVOUOOVOVVCVOCOOOVCOOMOOONDOVOOOVCOOOON T DNV
CNYW P W YW T W NI WHAN WL T G INN QO WHN VO T WO WD N W O G W N U W NN O T WY A ST QIO MW NT QU N WO Ut e
WMN 00 QPP DRV NP OOOH—IOINN N P F TN OO O VDV PP OOO——NNNMNM FF TNV O G ~DDDN OO0
® 9 00 o 0 % g% o 0 0T PP 0P TP IS PO g O 9T g P9 P g s g S PO PO 00 0 g e e P o0
Rt PP P P AN A 000 M 0 1V M0 0 00 NM® VI OVD VD DVDDVDDDPRNPNAPRAPROPRORNOP RN PO O~ ettt

el o) r’.l.lfunrﬁ YRR W WL S

61




Ta .’ e s T - CAAREN 0 NSO — e . > 4.«4..1.1.1. Jl

NOQ—ANNL 1A QPN NPOOOANNE TN QMM DR OO ~ANNOL N QY= JNOQ O NMM PN O O NO QNN § O~V O
L 2N B DK IEK AN IEN BEE JNK DR NN DN B RN DN BN DN BN NEE R RN RN BN DN RN NN NN DR BNY NN DN BN NN BN NN BN BN JNE BN DEN DY BN NN BN DR BN BN BN NN BN BN BN BEY BN BN BN DN BEY RN NN BEY NN NN N B NN I J
QU (VMO =N (= AP U NO WU NO W L N M= UM rS (AP UMY = A P G )3 (N O O N 0O 0 T QWD PN (Y MR U V) i e UV T
QRSPS90 00 QNN P P +-F TN MNNINNCINAA~—~A—HO O OO OO PP PP DV BV D VMNP 0 09 Q OHMNLNN
B aR i g B g i g SN N R g B o K S N S S 2 R A g i ph gh K R N gl R A U g BN o i la It R Ta Taa I Tad R TR AR I T T TR T At T TR A Tad Tas Tad XAt |
e Lan T L B B B R R T L o L L o T e e T L L B P T L Lo L R T Lo e e L o R B B T e e L o L L R e B L o D T T R L e e R L L R L T T ]

A Y it SRS Fan e e 0 e Jiard
-

b [elelalelblololelolelaleleladlelslolalelsiolsls)
[=lvlolalolslalelolelololelnlolololololalelolols]
e ¢ & 9 ¢ 0 @ & 0 0 ® o % 09 O O " O g O 0 e 0
[o]elelelelelvielslolslalololelo/ololdlelslalelololelololololnlolalolololelolole/alalolelolalelalolelolslolalalele olelelolololelolels)]
(BN A N S I N S R AN A I A D N I RO I BN B R I I B B BN O B B R I B A s I T T I K I T a Taa A A T IARTaa Taa Mot aa TARTaa TR a0 Tas Tad Mot ]

0
C
0
0
C
0
0
Q
0
Q
0
Q
c
)
0
Q
0
C
0
Q
Q
0
C
0
0
0
0
0
c
Q
0
0
0
C
0
Q
0
0
0
0
0
Q
0
0
g
0
0
0
0
0
Q
0
0
0
0
0
0
0
Q
0
«C
.0
-0
«0
-0
.C
¢+5854E-03

TR LT rL TR TS

‘s e e e o 8

AIO NN O OO O O OO O NI O OO NION N O OO NN OO NN O O N OO O OO OO OO O NI NN N OO N NI NI NN NINITNI NN NN
[ololelolelolelololalololololololelslololaolealololololelolelolvlololelelolololelolololelalelolglolololololalglolelolelelolololelolels]
U L T T 2 T T I U D T T A A T D U T A T AR I T T D N U T I T I I I R}
OOIVVIVOOOOVWOQLLOVANILOLVLVAOQVNIKNOLULOULOOLOMNWVOVOLO VWOV OVULOLUOVLIOIIONNVIDVLVLIVUINDY
[SlelelelelslSlgléblelaldlbleldls Blelelolelslslsldlelalelolaliylolealdldlelslsldlalaldalaldlgldloleglelv/Slolelololeloleleld oltlelse)
OITONVOTFONWOTLTODONVOTONVWOTONYOPFOVDN YO FONQOITUVANQOTONVOTDNVOTONUVWOTOINOVOITIONUD &
[AVIRTQVIARILE A g oK JYSTTRWS RV VL I o SN PAVEIT JUT I [ S T8 Y o P IR TAVIRVIATRARAS g8 A WU RITAR P L VE FIL J o AV RV S TS S AVAIV LW AW I & L L JAVIR VAR CIARTAR AN A8 S VAT AR VAV VI T gt Vs o)
(ololaldlelolsloldlalnvlelolalelelols lolad T R e L e T Ko Lo Ran o Lo B B F B Lo R P P L Ta VT G VYN TN TaN TN ToV ToVIaN FaN TN TN [V FoNToVERN TN Eo VT NToV ia VoV
@ © g 9 % 0 9 ® ¢ % 00 % 9 5 0 0 0 0 0P OO 90 OO B O 0O 0P T OO PPN PN O g e 0PSO
Lo B T Lan R B B P e B o L B L L B Lo R B B Do L D B Lo B B B o B L B L R e o L B L F L R e L L D D o L L R Lo L L B P L e E e L R L R P Lo R P |

St et N g Biods Buafe el Bhath Siate St Jnil et dhan 2

L, N R I N .

4 . ¥ . N ) et - et - 0
- Y I T N - . DY et P VR PP ) . ,l».‘.n[» .V’r T ) ad Aok 48 4 i e PPRPAT SO




1.2000¢c~

00 ONNONNOTOPON 0P DEF QPO A—ANMAOLT FUNOND DRO~A~ANMTE FNSNO~~O D OO
00....000.‘.'..00.0-...00..-......O.‘..Q...Q‘..C.OC.OI
NN P~ OUVO OMOW gMWNT NN PR T NOW 9T NOW O F CAaB M N (Nt M PO YY) 0 ORI
DN 0 O~ QPP QA= NNNNNN A A A4 4D O QO OP P PP PV DDVD Ol DO OPNPCOOE
MO GOV Y AN F P T I $TTETTE L LT TP TN 00 00 0T 0 L), (D00} ety 6Ty (1) 3 F ot
lll.....llll11111111111llllllllllllllllllllllll11lllllllll.‘

QON0O000CCO00
QOOVOOLVVLOVOOL

[elelelelelololalolaloleolololnlvlolo]ole]
O0QUVOOO0OLVLVOLVLUOQOOVOOW
Ivlolulelelolelolslelqle] [olelolelelolglolslalololalelalnlololela]
® O 9 % o p & 0 0 % 9 0 ......Q...'.‘.......
COOCOCCOOOOO0000000000000000000OOOOOOOOOOOOOCCOOCOOCOO
MEOMOIAEIMOOHNTITT ¢ ¢ 0 00 00 00 00 300000 00 o IMMMEAMNOEOCIMEMNAEIOEOOIENEON) & ¢

(3

(w]
I

¥ 14
NN OF DOMM~QO
FalaViec ko RVaTo 35 e RasRaVle JX gVE

FINISEF CONUIT LN

WM DO FNMNMOUY NN N0
PO DOV~ OINRPHOV— Jt YDA
TP 0 ONOM 0 DONNONNOINN DN INNDO T m
DadS & B0 P RV AV ILE I VU TS TETY & L T VITATANY WYYt N WO = (NN
HONODU 08 ¢ 009 g0 WNMNOCOOOCOTOQVCOODTOOVOOOOD SNTUNM ¢ ¢ ¢ ¢ oW
9 0 00 0 ity § 0 5 0 P 4 9 0 S O g T 6 Q9P P P S P UL QAN E SO gt Aoddln
)
-
4
NNONN N 427~22222.4227~2222222222222222222.&~¢.4222222./.222,/_22.42
0000000O0000O00000000000000000000000000000000OOOOOOOOON
._..__._...___._.___......____..._....__.-____._.__.....L
L0200 OVOLIVEOVLIILINLLIYLILIMILION VLI ILIMILILILILILICILIN LI OO LILIOI I —
00003000000000000000000000000000000000000OOOO.UOOOOOOOOT
OOOOCCOOOCOOOOCCOCOOCCCCOCOOOOOCOCOOCCOCOCOOOCCCOCOOOOA
DNV TDNVOTONQOT VN UOFONVWOPFUNIOOTOINJOTON VO TN QOTONVOTDVDNVO I
EC.C.OCCI]Z.‘.(?.:-L.44.::.:6éf?.‘&&ésc.ccc.l.l.(_54......4. W FUIY QW WITI™SDW LN D
.422333333333333333333353333344.4.44444444444444444 R AN X I JTa b N
.oooooo..ooo0..-o0.ooocoooooo.o.o...ooooocnoo..o.coo..ll
lllllllllllllllllll11llllllll.l.lllllllllllllll.llllll\‘lls

IVCE ‘\Lkl‘kb. Lr?&;»fg * - u e \h.r.u’h °

P S S SPON rLPL oAb

i




NJF*L)*HC1VJ

T T KA R A N N R e A SN b S B I AR A g Yo AN

LIST OF REFERENCES

emerdash, N.A., Miller, R.Hd., dehli, T.Ww., "Comparisorw
ctween fedtures and pPerformance characteristics of
ifteen HF famariuwm Cokalt and rerrite RBased 5ruskless
< Motors Operated Lty the Same Power Corditiorer,”
% Z Zransactions on Pdwer Apparatus and Systems v.

1 £2¥cl dpPpakatids dild 27y3tEl=

; Pp. 177, January 1983,

’Homab, LT S.4.,Cs42 Modelling of Brusnless 2C “otors
Yaster's Thesis, Naval postgradiate School, 1983
Fiscal Year 1983 NAVAIR Strike Wariare Technoliogy
plarn Advanced Missile Control GLpevices, ry ©E.F.
Dettiiry, p. 1, September 15327

.C. 1otors, Speed Controls, Servo Systens, an
ngin Bandbo>k, Tth ed., tIectTocralt

ngineering ha 2K
orporation, p. 3=20,° 1978.

Taft, C.K., Slate, E.V. "Pi.sewiath Modulated LC
Corntrol: A Parameter Study With Jurrent Loop
Analysis," IEEE Traansactions oL Industrial Electronics
and Control "TInstrumentafion," v. "IETI-Z6, t. 221,
NovemFer " T97957

64

- . - . . M .
PR P VL. WL Wy A e,

. F TSI IR

LY

ST

..l




ce T —wWT W T W T W T W W TR T W T W T W W T W T w v W e e e s R A TR TR R s gy R Ry e s e s e s

BIBLICGRAPHY
Dubey, G.X., Shegpherd, 4., _"analys.s of D.C. Series Xotor
Contrclled Ly Power Pulses, 2Proc izE, v. 22, Decemper 1¢7:Z.

Frarklia, P.W., "Thecry of tle DC #otor Cortrolled Ly rfower
Pulses Part I - Motor Operation," IEZE Transactiorns, v.
®as-%1, 1972.

llational Aeronautics and  Space Ajainistration Report
cr-160349, Numerical Simulation of Dynamics of Brushless DC
Motors for E3C0space —~dnj_~Oasr éagIlcg§;93§. E77 3.5.0%
temerdash and T, %. Nehl, T5 NovembeI T379.

National Aeronautics arnd Space Admiristration Refort
ta-30445, Analytical Hodeling Of  the Dynamics of Srushless
DC  Motors ~ [or ~Kerospace A§B££93§l92§g A TTConcertiaz
ITram€EwoIk bY "N.AJDT, eélérdash, FUE " Zastman,” ~and F.G.
ChiIton, is August, 19706.

Society of Automotive Engineers,  Inc. Technical Paper
Series, 780581 Electromechanical Actuator 7Iecahoiggr
Program, ky J.7T. ﬁdge,“IprLI’T T8,

Taft, C.K., Banister %W., Slate, E., "Pulse Width *cdulated
Speeﬁ Centrol of Brushless D.C. 1otors!?, 2roceedin s,
Seyenth Arnual §1§505;9m Incremental dotion CoL¥rLol " S7sTels
and " Devices, Tay T1378. T

Verna, V.K., 3aird, C
Speed Conrol of a =
institute, v. 297, Fe

.E., Aatre, V.K., "Pulsewilth “oaulate:
.C. dotor," Journal Qi the Irar<.i:
truary, 1974.

SR S




i e rrpTwLlY LW T i‘.'_,'i' wowwyg WLwL VLWL Ay ) Wil

[ o

S

I

.

LT INITIAL DISTRIBUTION LIST

1. Defense Technical Information Center

Cameron Station | |
Alexandria, Virgiria 22314

[ 2. Litrary, Code 0142

~ Naval postyraduate Schaal
Monterey, Califorria 93943

.

‘aJI 3. Department Chairaan, Code €2

—

Department of Zlectrical Engineering
Vaval Postgradyate School

Monterey, aliforria 93

Professor Alex Gerka, Jr
Derartment of Electrical

Naval Post;raduate,School

Monterey, Califorria 9

professor 5eorge J. 1
Derpartment of Zlectrical
Monterey, Califorria 9

Naval wWweapons Center, Ch

Thaler,

943

., Code 623Gz
Zngirneering

3943

Code €2Tr
Epilneerlng
394

ina lake

Weapons_cower Systems 3ranch

Code 3275
tn: E.Fl.

ttn: Dettling
hina Lake,

Califorfnia

Oy

Audrew a. Askliras
Yampshire hoad

LT
8316 [e
2ay Snore, New York 1

53555

706

€6

P U I -y L. .1

Yo. Ceories

ro

[}

[\




Ct

FILMED

4-85




