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This study is oconcerred with the design, eonstruction, and evalua-
tion of an a-¢ induction 'résolver system for use in coordinate transforma=
tion of analog computer varisbles. The system was msde compatible with
the Berkeley FASE Model 1032 general-purpose &nalog computer equipment,

| The purpose of this. study was to seck to improve certain aspects
of coordinate transformation of _anaibg voltage variables using the a~c
induction resolver. In pa'i'tim-ilar’ ; improvements weré__ songht in -t.he trans-
formation of voltage variables in the x-y coordinate system to polar |
coordinates by extending the system bandwidth and operating range of the o
output.: variable over those of éxisting d=c ;}ero reésolver systems\'o These |

improvements were to be obtained with a minimum of compromise with the

overall system accuracys

The aﬁbrdach to the problem selected in this ré'seai‘g‘h entailed the
design of suitable modulation and demodulaticn circuits to allow the a-c
induction resolver tp perform the necessary trigonometric computations en
the d-c carrier .analog' vdl'tage _s,ign'als » A positional servomechanism was
also required to drive the a=¢ resolver in the cdmpu'tation. process.

The x and '}.r.f.eoordinate ahalog voltage variables are anplitude modu-
lated and applied to the two stator coil windings of the a-c resolver.
 The voltage induced in one reselver rotor wmding is an amplitude-modulated
voltage proportional to the variable R = '(x2_+ 'y?)%o “This volfage is de-
modulated and made available as s d-c carrier anai-og computer voltage.

‘The voltage induced in the other rotor winding, wound in quadrature with

the first rotor winding, is an error voltage resulting from an improper
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‘position of the resolver roter winding. | This voltage is driven to zere

when the resclver rotor angle assumes the position &'z tan™t (y/x). The

ervor voltage is applied to the input of the pbsitioﬁal'servomechanism
which drives the resclver rotor to the proper position, thus completing
the convérsibn; The value of the shaft angle corresponding to the de-
gired value of ¢ is 'obt'me_a' from a Tinear p&ten‘tiometér""suppliea with
the computer réference voltage and ganged to the resolver rotor shaft.
The results of the evaluation of the resolver system constructed

for this study are presented in the text of this thesis and ihdicate that

‘the coordinate conversion technique used here provides & practical method

of obtaining the desired conversion improvemerts with cerfain'adéqﬁate

compromises. The system prcviaes.cdnﬁérsﬂon accuracies of 0.5 per cent

in obtaining the R output variable and 8.} per cent in 6btéiningegyfcr

full-scale voltage inputs. The system pogsesses a bandwidth ‘of approxi-

mately 3.5 cycles per second and an operating range of 6 of 3600 degrees.




CHAPTER I
INTRODUCTION -

This research was initiated through a need for improved methods of
ooordiﬁ'ate transformation at the ﬁnalog Gonipu'l:.er Laboratery, Georgia
Institute of Technolegy. The purpose of this study oas to investigate
the feasibility of employing the 'alﬁérhating«corrent induction resolver
in the coordinat.e trensformetion of direot—ourrent analog signals. A

. design for an a=-c resolver system was proposed which offered an adequate

‘compromise between eeVeral conflicti_r_u_g design crite_riao A.working model,

made to be compatible with the geoeralwporpose Berkeley EASE Model 1032

- Ah.alog Computer, was coostrﬁc'ted and suitable teats performed to ascertain

the effioiehcy of the design. The _ini'tial'_phese ‘of this research con-
cerned itself with a review of the state of the art in analog coordinate
'transformation and outlining the specifications for an a-¢ resolver system
“in the light of present technology. :

The a=-c induetion resolver was used in some early general purpoge
.electronic computers for performing coordinate transformatiom _I-_Iowever,
owing to certain inherent problems the a-¢c resolver was definitely inferior
‘and graonelly geve_uej to the d-c resolver Systems which are used almost
universally todaysl |

The preeent d-¢ resolver is 'a relatively simple e-nd low~cost unit.2 |

' 10 L. Johnson, Analog Computer Techniques, New York; McGraw Hill,
195'6 s Pps 77-81.

27hid,

B LTI T s

Fan) el taeE THE e A ST R DT T T et



It is constructed using two tapered sine-wound potént’iométers, o sliding
wiper cohtacts accﬁrately "pu"s-i't',_ic'_med at right a’nlg:'les to _eac'h_ other being
used for : eséh potentiometer card. Theése wipers are ganged on a sj.déle
shaft é'o that 'apprppria‘he'. sine and cosine fﬂﬁdtio’ns of the inﬁut- vbltagés
éﬁd shaft Engle are obtained ffom_ the 'ﬁbtentim’etiers. "I_’hes'e furictions are

instrumented to f orm the £ ollowing 'relatijoné s

i}
-

‘X cos 6~+ yging

x 8ing -y cos 9

1]
o

(2)

A block diagram of the d-c &ystem is showm in Figwe 1. If the shaft angle
of the pdtentiometér'wipér contacts Iia ‘ot of the proper %value to 'éatisf‘y |
equations (1) and (2) (i.e. 6 dees not correspmd to the angle associated
with the cartesian coordinate vanables x and’ y) s bhens

x8lng ~yeoso = & - : L -’(éé-i?,.)

 whére ¢ denotes an error voltage proportional to the inputs x and y dnd
is a -sinnso"idsl fanction of the ghaft angle error. This error voltage is
applied to & servomechanism which drives the’ pot.entimeter toa nulle Now
the relat.ianships are correct and the comput.atlon is comlplete.3 _

This d-cf.;sys'bem offers serveral advanteges. It is relatively in-

sensitive to drift and thqrefbré requires infrequent calibration. 'I'he "gir.é_

w_oﬁ'nd 'ﬁote’ntioh_jeters 'a_r_e gen_erally rugged eriough -to_ji'nsur'e'a_ 1m.g 1ife f_i"e_e |

35 Strictly speaking the R-=9 variables will bear the correct relation-'

ship to the x-y input variables only if the proper feedback polarity is
chosen. If the improper polarity is chosen & will be in error by 180 de-=
grees. This question of a stable nulle-point is discussed in detail by
J. H. Meeks and R, S. Johnson in "Loop Gain !malysis for Implicit Functien
Generation,” a paper delivered at the Sont.heastern Simulation Cuuncil maet- :
ing at the University of Alabama on Gct.ober 2, 1959, .

W
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Figure 1. D«C Sine-wound Potertiometer Resolver.
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Figure 2. A-C Induction Resolver Block Disgram.




from mechanical detériorﬁtion résulting in incorrect compﬁtationas_ A
ty‘pﬁ.cal accuracy figure for a one-turn wnit is ‘0',25 per cent in obtaining
R and 0.5 degree in obtaining:e; However, the d-c system possesses certain
inherent disadvantages. In order te obtain the accuracies stated above,
‘the sine and cosine-wound po’oentlometers must be rather large and cunber-
some. For instance, the Electronic Associates Model 16=BC has a potentiw
ometer with a diameter of apprbximately one foot. The excessive inertia.
of the potentiometer wiper\afms and follow=-up potentiometers results in
a system bandwidth of approximately 1 to 2 cps, a figure far below the
range of frequencieélrequired by many real=-time simulation.prdbiems. A
second major performance limitation in the d-c system is the limited range
of travel of the potentiometer wiper arms. In fhe_Electronic'ASSOGiates
model cited 'pre'v:‘i_dualy this operating rangel is t 5L0 _degrées. {ie0e 1 1/2
. turns in either directibn). Again this leaves much to be desifed in many |
physical probles. o | o |
Severéi.alternative approaches have been ﬁropgsed to perform coordi-
nate transformétiop."'The'all-electronic_resolver utilizing sine-wave
sampling techniqnes,h’s and a diode function generater approach have been’
gtudied. | Both systems lead to'high speed computation but bdth_pqasess
major disadvantages. The sihéﬂwave sampling techniques suffer from ex-~
cessive drift rates, whereas the diode function generator is limited to

a relatively small operating range of 8. The a=c induction resclver

Sﬁlbert S. Jackson, Analog Computation, New York, HcGraw-H:.]l,
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approach has alsq been propdqu.__Thg.resglting systems have been in-
ferior to the d-c systems_;owing_to drift associated with the modulator
and demodulstor cifcuits.? /
| However the a=¢ induction resolver approach‘to coordinate con~
version possesses certain features which would be highly advantageous if
a compromise were allowable which sacrificed some static accurscy for ex;
" tended system bandwidtih, cperating range of 9, and reliabiliiy;J Ftrsi,
the a=¢ resclver is inherently less complex than the d-¢ sefvo fésolvers‘
or alldelectfonié resolvers and therefore should result in a ﬁacidsdly
more reliablé and less éxpensive device. Secondly, the small a=c re- |
solver possesses much less inertia and hence provides a system vandwidth
limitation far aboﬁe that of the'éine-wound poténtiometer. A130; since
the induction resolver, which performs the actual transformation, has no
Ellding contacts, the operation should be much more rel1able.

Therefore, this study was undertaken to ascertain the extent of the
design limitations in the a=c induction resolver approach to coordinate
transformation and to outline a feasible system to be constructed and made
compatible with existing general-purpose analog computer equipment. The
scope of this research was to study the existing techniques of a-¢ resolu-
tion &nd establish a set of reasonable and realiﬁable'sﬁecificatiOHSa' Then
a deSigﬁ was proposed which offered an adequate compromise between these |
specifications and the existing equipmenf compdhents. ~Ein§liy, a'unfking-
model for performing the rectangular-to-polar coordinate trgnsfofmation

was constructed and tested to determine the efficiency of the devices

6 johnson, op. cit., ppe 77-81.
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CHAPTER II
DESIGN OF THE RESOLVER

General Requirements

Tﬁé design of a high-accuracy éktendedwbapdwidth resolver system
for coordinate transformation originated with the rieed for such equipment
in the Analog Computer Laboratery of the Georgia Insii_i'it;ﬁ;be of Techniology
Engineering Exporiment Station. The initial period of the design cencerned
itself ﬁiﬁh outlining the dés'ired "pérfé"rﬁla'nc'e_’s’p_ecifications';- Fxisting re-
solver equipments were of the d-c sine-wound potentiometer type described
1h ‘the previous chspter. Tt was considered desirable that an a-c Tesolver
system should pessess 'éi-_,'aii"c'"a'ée'ﬁi-a'eﬁsf of the d-c system (i.es 0u25 per
‘cent aceuracy in  computing R and 0.5 degree error in shaft angle) as well
é's an exteﬁdéd frequency "'z"espbn'se and shaft-angle operating 'rangé'-;-- But a
smooth, reliably ‘operating servo was the most important design ob;]ective
‘and, if necessary', ‘Was bo be ‘achibved with gone sacrifice of dynamic per-
formanees The tentative design spec:.fi.c’ata.ons-"'c&lled for static computing
accuracies of 0.25 per cent in R and 1 degi"ee error in éha'ft."a'ngle-, with
@v’erall system bandwidth of 10 cps and shaft-angle operating renge of +

1800° (eé4-five turns of the follow-up potentiomster in: eit.her direction.)

Loop Cenfiguration

To achieve the desired performance, a system configuration was
chosen capable of providing high Toop gain, 1ow notss, low drift, and com-
patibility with the existing equipmént components. A system block diagram

is shown in Figwre 2,




ks méntiened above, the actual coordinate conversion is made in the

‘Fesolver 's6 that the equatiops (1) and (2) are satisfied.

x'Cos? + ¥ sin® =R | R (1)

x'sln 6-ycos 6 z¢e =0 L (2)

The design procedure involved the selection ‘of proper modulation | 1
circuits for amplitude modulating an a-c carrier with the d-c¢ hﬁéiag' volt=
age, and pha§e€éénéiﬁive'detectiqﬁ”cireui£8'fdrybfdfidihg*a’&~é‘6ﬁ£ba£'
voltage, R, and an error voltage, ¢, which is applied to the servo loop
for properly positioning the shaft angle. |

‘A'major factor limiting the system performance was the désién of
an-accirate, high-speed servonschanisn for ths shaft angle position control.
An equally important consideration was the sutomatic gain control (AGE)
required for low sighai-level operation. Each of these ciréuit ¢lements
w11 be described in detail in the following sestion.

System Description _
'ﬁﬁaﬁiaﬁéi%féndfbéhﬁdﬁ;gtdrsthSéveral forms of balanced modulators required

to provide tﬁe'ﬁhaée sénsitivé,'Supﬁréssédhcéfrier'amplitude modulation
are available. The fdfm considered as, the most advantageous was the four-
diode‘bridée\(éoméﬁimes'cglled-the'rihg'mbdhlator)a- It consists of four
solid-state diodes commected as shown in Figure 3<a. The diodes are
biased in the conducting state and alternately switched from the conducting | lu
to the non-conducting state by a vacuum-tube bistable multivitrator. The

carrier frequency was chosen as_S ke (for reasons presented in the follow-

ing section). The 1485 silicon diode wWas chosen to provide fast switching

‘times and high leakage resistance.
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Figure 3-a. Four-diode Bridge Modulator Circuit.
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Figure 3-b., Four-diode Bridge Demodulator Circuit.




“ﬁhén the switching voltages are of the polarity shown at time t,
(seé Figure 3-a), the diodes are all conducting and the output letage is
clamped to grdund_potsntisl. ion the alternate half cycle the diodes are
biaged in their ndnéddndﬁbting'stste by the switching voltage and the out-
| put COfr'espc'mds' to the input analog signal, Since the analog signal fre- .
'quénéies'sre:smsil'ébﬁﬁaied"tb the csfrisr frequency (10 cps maximum com-
pared te 5 ke) the oﬁtput'vultsge”ﬁnveforﬁ isiesssntiélly a square-wave
amplitude modulated by the analog signal. -

Phase sensitive démodulation is accomplished using a slight modi-
fication of the modulator cireuit, As shown in Figure 3-b, the a’-p square
vave sutputs-of the resolver are alternstéiyfclamped'to ground and switched
to the amplitude of the demodulator input,. The switching is synchronized
to the msdulation switching by emplaying the ‘same multivibrator in both
* applications. Smoothing of the resulting square wave is provided_by one
stage 6f'ﬁ40'filtering'with:a'bsndwidtﬁ_sst,st'spﬁroximatsly_SO'cpsiwhich
provides suffi¢ient’ attenuation of 'tl‘_ze-' carrier frequency to produce 'nsgiif
giblefripple in the output wave form.

iInductian Resolvsr.--The a=¢ induction resolver is a precisian rotatable

'electromagnetic device with an output whose amplitudes are proportional
respectively to the sine or cosine of the shaft angle position. A symbolic
diagram of a simple ‘resolver is shown in Figure h—a. |
A more complicated resolver is shown symbolically in Figwre h-b and
is the type used in this 'r‘eaearch. Foi the indicated inputs (with polari-
ties as shGWﬁ)-the output voltages are given by the previSus squations (1)

and (2),
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"eol- = kl(x cos 9 + y sin 8}

%22%65m94¥cm9) k& ' (2-a)

2

Notice that the complete expressiﬁl for each output is obtained
firom a sing’le rotor winding (as compared to the need for aﬁ_xiliary opera=
tional amplifﬁ.erﬁ to produce the sum and differehce voltages in a d=c
system}. Thése output ioltages are vsed in a manner similgr to the'.dﬂc
systems. Equation (l-a) denotes the expression for the voltage corz;esp:ond-
ihg to the polar vector amplitude, R, 2nd equation (2f-a) denotes the ex-
pression for the error voltage, ¢, which is required to drive the servo
loop to a .null and hence position the shaft angle to the proper value
of corresponding to the rectangular c'oordi'naﬁe variéb_les X and y.

A’ Bendix resolver Model No. AY-221-3-8 is tised in the proposed
system. This is a LOO-cps type with a measured bandwidth of approximately
10 ke. Since the input gignalé applied to the resolver stator windings
are amplifudefméaulated'SQuaré ﬁaveé;la carrier frequency of 5 kc was
cHosen. This is required because the stator windings for this type re-
solver could not be tuned to prevent excessive t‘raﬁsient oscillations of -
a 4100-cps signal.

Whén one resolver stator is excited and the other is shorted, the

rotor voltages vary sinusoidally with rotor angle. Any deviations from a

true sinusoid constitute an -a'ngular' error or an equivalent a‘m'plitizde error.

 The accuracy of computing resolvers is customarily defined in terms of this
equivalent amplitude error. The per cent error for the induction resolver

used in this system is on the order of 0.05 per cent. Preclse measuremeént

R - (1-a) °
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‘of this f'l.gure was impossible because of a lack of proper instruments to

[P 1 0 i Tl o R R T

‘accurately poéi’oio%n the rotor angle and measure the input and output volt-

'a-g'es.7

Gears.--As mentioned previously, the induction resolver is capable of an
infinite nﬁmber of rotations and the limiting factor uhich determines the
operating range of 8 is the number of turns available in the read-out
pet.entiomet'er-; However, specifying a gear ratio between resolver and read~
out 'pote'ntiorhet’ér'to offer a wide operating range of ¢ would neé'essarily_
sacrifice some resolution in the & output voltage. Therefore a compromise
between operatihg range and resolution of was made. The decision wag
made't’o'sacz:iﬁce resolution for a 10 turn {t 1800 degrees) 'ra'nge of 8.
This necessitated a 11l gear ratio between the resoclver and 10-turn read-
out potentiométér.- . .' |

The servo moter shaft is equipped with a- 36~tooth N h8-‘pi:t'ch spur-

gear. The resolver and read-out potentiometer are geared to the resolver

with identical 57-tooth, h8=pitch, anti-backlash gears. ~The internal gear

ratio of the d-¢ Servo motor is 13:1 (after modification as mentioned
below), ylelding an overall ratio between motor and resolver of 20.6:l.

Servo Motor.--The basic requirements of the servo motor for fast, accurate

‘positi’onai control of the resolver rotor angle are high starting accelera=-

tion, low in'e'_z__'tia » and minimum stall voltage. The motor used is a Delco
27=volt d=c type. The internal gearhead was altered to provide 770 rpm
no-load speed.: Accordiﬁg' to experimental data obtained in tests by the

TResolver Manual, American Electronics, Inc., Instruments Divisien,

p. 17,
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author, the sérvo motor requires approxim§te1y 400 milliamperes current
at 26 volts for maximum no-load ascceleration at stall.. This corresponds
to a peak power'requiremahf'of approximately 1 watt. The no-load stall
voltage is'appromimatel} 2 volts.

Servofamplifieré;-ih 6rder tb”providé”the power requirements forjthe'éervn'

motor outliﬁed in the'preﬁious'section, a complementary emittgrwfollower
transistor pover amplifier was chosen. This d=c push-pull configuration
is preceded by an a-c¢ preamplifier, AGC amplifier, demodulator, and d-c¢
operational émﬁlifier. A block diagram of the servo amplifier is shown in
Figwre S, snd a detailed circuit diagram is included in the Appendix.
Thé'aéc'préamplif;ér'pro?ideé'a'nsminal overall vbitage.gain of five
- and is variable with a potentiometer adjustment. It consists of two stages
of triode amplification comnected in a common cathode arrangement with
negative feedback, to assure a low drift féte, and a cathode~follower out~
put. “ |
Tt 1 noted 1in Figure lea that a voltage induced in the resolver
rotor (the servo error foltage,_fow instance) is a function not only of
the rotor shaft angle but also of the input voltages excitihg'the stator
windings. Thus;lhhﬁn'the"ampiitude of the voltage exciting the:St&tor goes
1o zero the serﬁo“errof voltage goes to zere and the positioning control
"is lost. Hence, in order to maintain the loop gaih aﬁprokimately constant
over a 1003l range qf-the input variable, an Automatic Gain Gontrol (AGC)
amplifier is needed. The desired expression for the ovérgll sgrfo loep
. . ,

100 . | | @)




“where R is the magnitude of 'bhe polar variable corresponding to the re-
solver inputs x and y, and K is the gain of the AGC amplifxer,a Thus - the
'AGG amplifier has a gain function inversely proportional to R. A single
stage of amplification is employed to perform this AGG operation. A type
6BA6 Temote cut-off pentode, which has an intrinsic gain versus control-
grld voltage characteristic conforming closely to the reclprocal_relatian- |
ship .of equation (3), was used as the amplifier. |

The demodulator circuit was deseribed previously under Modulators
and Demo_dulatora.

The"d—c_bpefatioﬁal'amplifier is required to provide sufficient |
buffering betwsen the R-C filter section and the power amplifier. It must
also provide a volﬂaée gain a_md' a peak current output of one. mﬂiiainpere.

A Phiibrick'model K2-X operatiqnallaﬁplifier is used to satisfy these re-
quirements. |

The cotmplementary emitterwfollewer_cénfiguratidp for the pﬁéér ampli=-
fier was chosen to provide the desirsble characteristics qf'a-vﬁéuum tube
cathode~follower output (i;e;.power gain ana';ow output impedance) and also
4o provide the additichal advantage of complementary transistor symetry.
| ‘Complementary symmetry refers to a metﬁbd of constructing Class B aﬁpliriers
| using two transistors, one a p-n-p type and the other an h—pdn,:béth having
similar charactér18£1cs;' With the transistors comnected back-to-back and
ﬁiased at cut-off in a push-pull circuit as shown in Piguve 6,:the growmded-
emitter p-n=p (2H2§1)'transistor requires a negative base current input and '

Syeeks and Johnson, op. cite
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Figure 6. _Complementa.ry Emitter-follower Power Amplifier.
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the n-p-n (2N1L79) 'transi'stor':‘equires__a'posifivé input. This allows fﬁhe

n=p-n wit to amplify the positive signals and the p-n-p unit to eperaté
on the negative signals.’ These signals are "'addad- directly at the 163&'.

: An additional stage of current amplification is 1nserted before the com-

plementary emit.ter-i‘ollawer to decreaae t.he pmfer req irements i.n the

. la‘l-’.ter'. .

Adequate transient and steady state éqrvo"pérrmmg are obtained
by inserting an integral compensation network in the feedback of the
gseries d=¢ operational anplifier and power amplifier eircuit. : Tﬁi"s con~
figuration is shm in 'hhe bleck d:i.agram o.f Figure T. The loop transfer
i‘unct:l.on of t.hi- configm'ation can be: analyzed a8 follws.

As‘s‘ﬂ'n_!e the 'operati;on'a'.-l. amplifier has an open=loop gain Al ahd the

‘power amplifier has an open=1oop gain !A?'-g '"'Ihéréf'cjre,‘ from Figure 7 the

following relations can be written: (Assuming A = AjA, and p(s) is the

transfer function of the feedback networks

 '°1 se; -pls) e, - S )
e, zAe IR | . . (5)
—_; - ei--- B(B) eo . . | (6) .

9R. P Shea » Transistor Gircu:.t ineering, New York, John W:J.ey
‘and Smﬂ, 1957, p. 12&'. ’

e
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oo B+ B(s)) = e, | -
,Z_C.’-..","__'...l'__._.'. | ' . (8)
L+ B -

£ % << |BI
ﬁ‘- . 1‘ N o
°s BlsT" . (8-a)

Since the open loop gain of the Philbrick operational aﬁplifie’r' is approxi-

matély 30,000, equation (8-a) is a good approximation of the ‘closed loop

transfer function of the netw'qr_k. It can be shown that. » for the particular
feedback network shown in Figure' 7, the servo amplifiér transfer function is:

given by

B(sy= 1 = 1 - ' | (9)

REFI TEFI

If B = 1 Megohm

1 e I . . .
Wzgg(s)srfs+l=0.0h$+1.

Assuming the servo motor to be an ideal d-c motor excited by a con-

stant field, the motor tra'ﬁéfer function has the forml®

_ 10George M. Thaler and Robert G. Brown, Servomechanism Analyais,
New York, McOraw=Hill, 1953, p. 120. _ ,
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fo(s) =

E, E(T, 5 ];1) (19)

where 6, is the motor output shaft angle E, is the motor input voltage,
T, is the motor time constant. |
Therefore the open-loop transfer function,resolver rotor to moter

shaft angle, (see Figure 5) has the form

- 0. :
—>(s) = O(Teh +1)
& T8 +

(11)
S .
where G is the open-loop gain of the system., Hence, the integral com=
pénsation network in ﬁhe f_éedbagk; of the servo amplifier serves to improve

the high-frequency response of the positional servomechanism.

.Read-out 'Potenti'omter;——'l_he steady-state position of the shaft angle of
the induction 'reédl‘ver yields the proper va’lué of 8 correspending to the
radﬁangul‘ar variables x and Yo This gﬁgle was obtained from a read-out
potentiometer geared to the positiohiné servo motor. The potentiometer
gelected was .a Helipot type UR, 1inear 10-turn, 20-kilechm potenﬁiorneﬁér.-

| The total li.né'a’f_ity_ of the winding is 0.1 per cent. The potentiometer is
excited withl plus and minus 90~volt computer reference and a voltage whose
magnitude'c'orreSpohds 40 6 is cbtained from the slider arm. Wit;il a gear

‘ratio between resolver and potentiometer of 1:1, the 10 turh potentiometer

is capable of %5 turns, corresponding to a 1800 degrees operating range

of ¢

Input and Output Voltages

The analog voltages éorrespdnding- to the rectangular variables
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'x and y are a'bt/em;at.ed by a factor of lO before being applied to the in-
duction resolver inputs. This atteﬁuatic:n is obtained in the Eoefficie’nt
potentiometers available in the analog computer. Similarly, the cutput
voitage corresponding to the polar'qughpity_is 0.1 R; This is amplified

by a factor of 10 in & standard computer inverter-emplifier to produce the
proper magnitude of _Roui'; voltage. The voltage ."cOrresponding to the angle o
is loaded into a computer operational amplifier. The scale factor associated

with the shaft angle output voltage is 20 degrees per volt.
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CHAPTER III
SYSTEM EVALUATION

| db;getivbs.-AThe a-g induction'rg561ver described in the previous chapter
was constructed and the wo:_'king'mbdel subjec.ted to a testing and evalua-
tion program, The test results were obtained ﬁo specify the actual per-
formance of the device and also to evaluate the general a-¢ induction~
resolver conversion techniéue. |

of primary interest was the dé£9rmination of the system accuracy

in the conversion of fixed or slowly varying input voltages. Alse of in-.
tereat was the systen dynamic response to high frequsncy input variations.
'Particular attention was given to the effects of drift on the conversion
accurahy and repeatability.- The gva;uatiun program consisted of two

 major phages: (1) the determination of system static accuracy, and (2)
'determinatioﬁ of'thé systém dynaﬁic'résﬁbnse. Both phases were carriéd
out with the device serving as an in‘t-egx_'al_éomponent of. "I':.he_ a'naidg' computer

and performing under typical operating conditions.,

Test Procedures.-~To determine the static sccuracy of the a-c induction
resﬁlver system, the device was programmed into the énalog-compuﬁar circuit
as shown in Figure 8 to perform the desired-convefaidn of fixed i‘and y

~voltages to R and 6 voltages., The x”énd'y input.voltages'wefe'obtained
from'manuallyugdjuated ten=-turn potentiometers sﬁpplied with plus and minus
100—vdlts from the cbmputér veference, These input voltages were attenuated
by a factor of ten in @defficient potentiometers to provide the necassary
0.1x and 0.1y input voltages to'the reso1ver.- The input voltages were
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a-c 0.1 R
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Figure 8. Analog Computer Program.for Static Tests.
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passed through conventional inverter operational amplifiers t'-'o-' prevent any
loading effects on the cq'effic_-;ieht potentiometers, The values of X and ¥
were measured on an Fpsco digital voltmeter Model DV-103 (calibrated to

the computer reference voltage) which has a maximum resolution of one milli-
volt,.

The 'oﬁ‘tput ﬁltages of the resolver were applied to operational
amplifiers with gains of ten to yield the desired minus R and minus 10 6.
-The output voltages of these amplifiers were meaéured' on the null-reading
: d-c voltmetér of the compater which has a resolution of better than 10
millivolts. . |

The static tést' proceduré cbr_xéisted of aﬁplying a known value of
xand y inp‘ut voltages to the resolvér and _mc_mlito_'ring the R and & output
varisbles. The x ‘and y input veltages were varied to extend over the |
complete operating range of the computer voltages. The resolver output
voltages were calibrated for input voltages of x = ¥ e k0.0 volts. This
corresponded to a value of R = 'Sg..é'é'nd 6 = 2,25 volts (b5 degrees ).

A typical set of data was obtained by setting x = 40.0 volts and
vary'ing y from zero t.o 80.0 volts in 20,0 volt steps. The comple‘be static
test data is given in the Appendix. | - |
| ‘The dynamic characteristics of the a-c resolver were obtained bj
observing the system response to a step function input and a ramp function
input. To obtain the step response, the x input voltage was fixed at
'x = 40.0 volts and the y varisble was méde initially zero. Thén ‘the y
variable was Stépped from zero to 60.0 volts by a snap-action switch
closure, and the value of R was plotted as a function time on an E_let":tro-

Instruments x=y recorder Model 40O, The resulting plot of R versus time




is given in“bhe Epperidix. The x-y recorder hass a dynamic accuracy of
-.I:.O.l2- per cent at ten inches per second and a slewing speed of 30 inches
per second of the carriage and 20 inches per second of the pen, This pro-
vides'plc;t.'ting accuracies of 0.2 per cent for the range of R dhbsén_._
| The system ramp response was obtained by providing a fixed x in-
put and making the y input a ramp function qf time. The value of R was
plotted as a function of y on the x-y recorder as y varied from zere to
plus 80.0 volts. "I‘he analog éon:puter‘pﬁ'ogi'am for the ramp response test
is shown in Eigure 9, The y input was obtained_frcm the outﬁut of a
computer intégratdf whose inﬁut was a constaﬁt'cﬁosen'td make the slope
of the y-voltage variation 20.0 volts per second. The curves of R versus
y for the ramp 'respﬁnse for x = 20,0, 40,0, --50.0.,- and 80,0 volts are
given in the Appendix. | | |
The system drift rate was obtained by setting x = y = 40.0 volts
(calibration inputs) and observing the change in R 'and g, -
R_esul‘bs_.-—ihé static aﬁd dynamic accuracy of the device in performing the
proper computation of the R output was calculated as & per cent error of
thé blus-and minus'100 volts computer operating voltage range. It was
found that the static accuracy in obtaining R was approximately one per
ICent for small input voltages, and was typically 0.5 per éent'accurafef
for full-scale input voltages. The per cent accuracy of the system dyna-
mic response, as measured from the ramp-response curvea, was appromimately
one per cent over the entire operating range.
The absolute errer in 6 was found to vary fram 0.1 de_gfees at h1gh
input voltages to 2.7 degrees at extremely low'inpuﬁ voltages. Expressed

ag a per cent error of the full-scale operating range of ﬁlus and minus

et amm AL L e e = st




l'dég'rees ,'" the maximim per cent error in 6 wag less than 0,1 per cent.
of the stép response. By defining the rise time as the ‘time Pequired _for

the B output to go from 10 per cent to 90 per cent of the peak value as

t.he y input was stepped from zero to 60.0 volte, and speciijring the ayst.en

banditidth by the following approximate romula ;11
1B e 0.3 O

where

‘T, = rise time in seconds = 0.1 sec. (measwred from the

dynamic step response
| curve)

B = bandwidth in cpe
‘it was found that the system bandwidth was spproximately 3.5 cycles per
Secc'md; | |

.'S'Ei'ih"c'eé of Error.~-Th the primary source ‘of conversion eTror was 'fbun-d"in the

diede gates which performed the modulation and demodulation in the cireuite

Fcr precise modulation of the input d-c voltage, all the diodes in the
four-diode ring modulator are required 40 be clampe‘d either in the non-
conducting state or conducting state at precisely the same time. Any
mismatch of diedes would result in a slight deviation from the optimm
diode switching aﬁd- a tra‘ns"ién‘t"'voit&ge_”spiké would result, This tran-
sient, when applied to ﬁhe'ét'a'_tm‘”wi'.haings ‘of the indtcﬁiéﬁ résdlfer,--
would Fooult in & _differe_ma'_uon of the spike trén'siént. ‘e mran -

_ John G. Truxall, ﬁutomatic Feedback Control Sy'stem Synthesis,
Neir York, McGraw-Hill, 19 ’ p. .
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result would be a decided non-linearity of the modulated ipi:uts ‘at extremely
low voltages. Every ef'flért was made to experiﬁentally match the diodes in \
" the modulators by the jﬁdici.ous insertion of a small value of "c;ipacitance
sround disdes -di_'a"nd’ d3 shawn in the -modula'ter schematic of Fig}ir_é 3-a.

4 second major source of coﬁvarsim'ér_i'or- is the backlash in the
intemal ‘motor gear tl_'a'in. Th:.s efror was 'rtiéaaured"ahd found to contribute
' an abselute error of 0.1 Volts in the R outpub and approximately btio degrees

of error in the 6 output.




CHAPTER IV
CONCLUSTONS AND RECOMMENDATIONS

-Conclﬂsidns,ﬁ—rhe design and congtrﬁctign-of an a-c induction resolver
system was undertaken to ascertain the overall practicality of an a-c
‘resolver performing in conjunction with a d#c'géneral—purpose'anslog_
camﬁuter,' The specific fuﬁction of the device is to convert voltage
variables in the rectangular co'ordit'iate ‘system to the polar coo_rdinate
systém. The allowable resolver ihput.ﬁaltage range is plus and minus
tén volt d-c computer voltages, to be obtained from the outputs of con-
ventional operational aﬁplifiers. The resolver outpﬁfé are applied to
similar operational amplifiers as d-¢ COmﬁliter voltages. The etitire
gystem was made compatible with existihg geheral-purpose'electronic analog
.computers with plus ﬁnd‘minus 100=-velt references.

The evaluation of the working model showed’ that every design
specification was met for full-scale input voltages except the absolute
errer in obtaiilir}g- the 6 _dutpﬁ‘b_and the system bandwidth, However, the
per cent error of 8 was quite.acceptable. fIt was found.that the actual
static convarsibn accuracy for full-scale input variables was approx'ima"t.ely
0.5 per cent in obtaining R and 0.1 per cent maximum in obtaining 6.

The.system bandwidth, determined for approximately a 75 per cent
amplitude veriation of the output voltages, was approximately 3.5 cycles
per aecbnd;' The operating range of ¢ was plus and'minus'lﬂQO'degfees.

Conversions of extremely small input voltages were SOmewhaf less .

precise than the desiréd specifications, but the least accurate conversion
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was found te be in error by approximatelj orie per cent in obtaining R.

In general, it wag:féund_tbat the a-c induction resolver technique
for converting analog ﬁime-varying voltages from-rectangﬁlar cob&dinates
to polar coordinates was accéptable in analog computation if certain opera-
ting compromises were allowable, First, soMe'éxtension in'sysiem bandwidth,
as .compéred with the existing d=-c servo reaolvaré , was obtained at a slight
Idecrease in static conversion accﬁfacy at low=voltage inputs. Secpndly,
the int;reﬁsed operating range of & was obtained at a decided sacrifice
in absolute sccuracy in 'Ehe @ conversion. Finally,- the s:l.mplici#y of the
sy;stem should resuii_: in a more reliable resolver than the existing |
devices. |

Rebbmehdatj:ohs-.wme experience gained in the course of this research

has indicated that certain design modifications could provide some inm~
provement in system performance. The incbrpor"ation'-o_f a 400 c'_'src.le inducﬁion
résolver capable of accepting an amplitude modulated équare' wave input
(manufactured, for example, by the Kearfot‘o. Divisien of Gené.rai' Preciéibn,
Inc.) would allow the use of a LOO-eycle carrier frequency. Thus an a-c
serveo motor. could hafe_begn used and the necessity fo_r a demodulstor in

the servomechanism loop, aleng with the associated non-linearity and drift
problems, would have been eliminated. The use of an inertia~damped servo
motor in the system would have allowed an increased serdeioép\ gaiﬁ and

an improved statie and dyriainic- conversion performance.

The present system could be altered to perform the' invérs'.e' conversion

from that outlined in this study, i.e. the conversion of voltages in polar
coordinate system to rectangular coordinates, Such a system is outlined
in block dlagram form in Figure 10, |
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Induction
Resolver

"R cos @ - : }
™ Demodulstor me—pe xou‘l:put
| Demodulaton-{— -youtput _
Servo_
- Motor
Errer e

Detecto L'_input |

Power Amplifier

?‘ o ,/ " Cactual
, - Inverter _ _ _ '

- Ref.

~—

© Figure 10. Block Diagram for Possible Polsr-to-Rectangular

Coordinate Conversion System Using the A-C
Induction Resolver. ' -
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Table 2. Induction Resolver Static Test Results, IT |

Input Voltages 6 ,;inng 6 theoretical % Error®

QO.—.HQ.QH-NHOH-_ R sy T e T ]
v (Degreds) ~ [Degtess) (x 1074
1 20.0 0.0 2,70 . 0.0 0.75
2 20,0 20,0 .6 . L5.0 L 0.1
3 20,0 40.0 . 61.0 63.5 0469
I 20,0 60,0 . 69.2. 1.6 0,67
5 20,0 80,0 73.8 7640 0461
6 40,0 . 20.0 26.6 26.5 0,03
T 00 - L0.0 4h.8 . 5.0 - . 0.06
8 40,0  60.0 55.6 S6.h : 0422
9 40.0  80.0 62.0 63.5 .. oJda
10 60,0 20,0 - 20,2 . 18,5 © 01T
1 60.0 0.0 u_._..N - .wuta 0.22
12 60,0 60.0 h5.7 45,0 0.19
13 60.0  80.0 524 5342 0422
1 80,0 20,0 L% pHER | . 0.36
15 80,0  10.0 26.8 26.5 0,08
16

80.0 60,0  37.6 36.9 0419

% 4 Brror based on full-scale operating u.m._umo oﬂ..&_.» + 1800°,

#% Calibration point.
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Figure 1ll. Induction Resolver System Step_Resﬁanse.
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Figure 12. Induction Resolver System Ramp Response.
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