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ABSTRACT

The purpose of this report is to consider the use of magnetic
amplifiers to operate two-phase egervo niotors. The effects of the iater-
action betwsen the motor and amplifier have been considered eand these
results are set downin the final section,.

Several types of magnetic ampli€iar cirriiits have been in-
vestigated with regard to bias adjustment and external chavracteristics.
W....~var peszible, the amplifier has been viewed as a "black box"™, and
an attempt has been made to justify a functional trensfer-type descrip-
tion of the amplifier behavior.

Similarly, the motor 1is viewed externally as two terminals
and a shaft protruding from a black box. A methed of calculating the
complete farily of speed-torgque characteristics is presented which re-
quires only two easily performed rosasurements to obtain the necessary
data, In additicn, a new equivalent circuit for tiie motor is proposed
which considers tha motor as an equivalent speed cr torque generator
anda snables easy computaticn of system performance.

The results presented here are based on data obtained from
two different sets of four, matched, tape-wound, Hipernik V cores
and a Diehl FPE 26-11 servo motor. It has been necsessary to make some
conclusions based on experimental iresults, the equipment ured, however,
is typical of that commercislly employed and mcst of the results can
probably be extended to cover oths» similar applications without addi-
tional theoretical vertification.

In addition tc the main body c¢f the report, there is incorporat-
ed an appendix wnich descrites some of ths unusual measurement procedures
which were necessary in this work.
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T. Intrcduction

The history of the megnetic amplifier is too well known to bs
repeated here.” This report considers the use of magnetic amplifiers
as sources of power for miniature two phase induction motors in instru-
ment or computor ssrvo systems.

The simplest form of a magnetic amplifier, electric motor
servo system is shown in Fig. MRI-12648., The basically nonlinea:
links in the system are the motor and magnetic emplifier. Both de-
vices sre nonlinear "magnetic circuits”,and indeed the operation of
the amplifier depends on this very noniineariiy. This report. however.
will point out certain licear viewpoints that may be taken regarding
their external performances which will enable easy system calculations.

In the servo system shown, the performance of the mechanical
load is observed by some form of electromechanical transducer which con-
verts the pertinent aspect of load performance into an elactrical equiva-
lence. This electrical signzl is then utilized as part of the total sig-
nal app’ied to the entire system.

II. The Magnetic Amplifier

A. Normal Transfer Curves

It will be shown later that the magnitude of the input impedance
of the contrelled phase of the two phase servo motor varies by approximate-
ly 15% about a fixed mean value over the entire range of motor operation
and less than this in the usual range where the motor is cperated. This
extremely small variation ie due to the very large magnetizing current
drawn by the machine as will be sesn later. Such a load on a magnetic
amplifier, or for that matter any power amplifier, can be considersd to be
almost constant, especially if ths load impedance ie s=ubstantially higher
than the source iupedance as 1s frequently the case in these applications.
As a result of thie, it is possible to represent the megnetic amplifier
as & two dimensioned transfer curve (output voltage versus the control
quantity).

Fig. MRI-12649 shows a typical transtfer curve of a sensitive
material magnetic amplifier. This curve is that of a doubler type cir-
cuit and ahows the RMS value of the 60 c.cle component of the output
voltige across a fixed load versus the control current., The ordinate
tight also represent DC output voltage, in the case of tuose circuits
which produce such voltage, or even RiS output voltage. In other words,
the type of transfer curve shown in Fig. MRI- 1242 is repressntative i
& gresat many types of magnetic amplifier circuits. Several of these cir-
cuits are shown in Fig. MRI-12650,

1l"or a complate bibliography of the magnetic amplifier see: Miles, James

G., Bibliogrnghx of Hnsnotic AEPIifior Dev.ces andi the Saturable Rosactor
Al't. Ce Ablbb’. Dl » .
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It will b%s noted that the amplifiers are useful over only a
iimited range of control current variation. This, of course, is no
particular disadvantage; a similar situation existe in the case of al-~
most ull electrical control devices. In their useful range, mtgnetic
amplifiers using sensitive materials have fairly straight transfer:
curves. By suitable biasing, the entire curve may be transportsd, to
the loé% or to the right paraliel to the abscissa without chauge in
shape. For those circuite which produce DC output voltage, only one
polerity of the output voltage is available. Correspondingly, for the
AC output voltage circuits, phase reversal cf the output is impossible.

For almost all servo applicaticns, however, a reversal of
sutput voltags is required, i.e. o DC vclinge which can roverse pol-
arity, or an AC voltage which can reverse phase. Usually, the out-
put voltage is required to reverse as the input quantity reverees.
Such reversable output circuits” are generally callad "push-pull®
amplifiers (not to be confused with electronic-type push-pull ampli-
fiers).

B. Push-Pull Magnetic Amplifiers

Fig. MRI-12651 shows two full wave circuits connected to
substract their DC output voltages. When cores A, and A  ere com-
pletely saturated and B, and B, unsaturated, the output polarity
from a to b is opposite that when cores B, and B, are saturated and
A, and A, are unsaturated. As the contro} is varied, one situation
b}onda into the other. In particuilar, when the outputs from both
circuits are the same, tne net output bestween a and b is zero. This
situetion may be representated by the curves in Fig. MRI-12652 where
two identical transfer curves are shown producing a net voltage which
is the difference between the output voltages of the indivual circuits.
Note that the designation of ona circuit or the other as producing
*nagative output™ or the "positive cutput™ is guite arbitrary.

As pointed out previously, the transfer curve of the indiwvual
circultes may be easily moved along the abscissag thus the overall trens-
fer curve, the difference betwmsen the two indivual transfer curves, cu
be sheped rathsr readily. Some examples of this will be seen later.

An example of a circuit which produces reversable phase AC
‘output voltage, is shown in ¥ig, MRI-12653. Here two doublers are
srranged to subtract their AC outputs. When each doubler develops
an equal voltage asross its respective lcad resistor, thers is no net
output voltage. Should the balance be upset by varying the controul
ourrent, thers is a net output voltage of one phase or of the opposite

-

If the connection of bias windings changes the restrained cassé to the

froe cuse, there will be some modification in the shape of the transfer
curve.

For a falirly complete discussion of revsrsatle cutput magreic amplifie:s
seo. Geyger, W.A., Magnetic Amplifiers of the Balance Detector e--Their
Basic Fiinciples, Charactaristics, ana Application., Proc. AIEP ngo 70,195

3
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phass, depending which doubler devel.ps the larger output voltage.
A convenieni representation of this mode uf cperation is shown in
Fig. MRI-12654.

Here a word of caution must be insertsd. The overall oute.
put voltage curve is not the algebraic difference between the indiv-
ual curves, since the AC output of each doubler consists of t+-uncated
sine waves, It is an unwarranted essumption o state “hat auny com
ponent. {fundamental, RMS, etc.} of such a resultant curve could be
obtained by simple pecint by point subtraction of the two original
doubler curves. An example of actual push-pull characteristics will
be shown later.

C. Push~Pull Circuits Applicable for the Control to T=o Phase
Servo Motors )

If a push-pull circuit is to be used to drive a two phase
motor in either direction, it must be capable of delivering fuli out-
put voltage cf reversable phase. Ir ‘5 transition between full out-
put voltage of one phase, and full output voltage of the other phase,
the fundamental component of the output will, in general, stray from
perfect quadrature with respect to the vclluge applied to the control-
led phase., It can be shown that the output torque at a specified speed
is approximately proportional to the sine of the phase angle batween
the voltages applied to the two motor windings. W More will be said of
this later in Section IV.

There are quite a few types of circuits which can produce
reversable phase AC voltage.  Most cf these are subtraction arrange-
ments of t he more familiar types cf magnetic amplifier circuits which
may utilize either externanl feedbac!" ur self-saturation-type feecback.
The various push-pull circuits subtract either their cutput voltages or
their output currents. so that one may speak of "voltage subtraction”
ocr "current subtraction" push-pull ampiifiers. A+ an example of a volt-
age sudbtraction circuit is shown in Fig. MRI-12655. For an infinite ex-
ternal load resistance across the split resistor output network, the
two doublers are compistaly isolated from each other., As an external
two-terminal load is applied, part of the current i- crs doubler circuit
flows through the other doubler circuit. Fig. MRI-12606a, on the other
hand, shows a push-pull amplifier which essentially subtracts the out-
put currents cf two doublers leaving a net output current in a common
load. Both types of push-pull circuits are tpplicable to the operation
of two phas« motorss; each type possess certain advantages and disadvan-
tages.

‘See Steinhacker, M.A., anc Meserve, W.E., Two Phase A.C. Servo Motor
Oparation With Varying Phasv Angle of the Contrcl Winding Applied
oltage. 'E Technical Paper 51-356, Augusi, 1951

ESQO Cohen, op. cit. Geyger, op. cit, and Milres, Magnetic Amplifiers,
Journal of the Institution of Rlectrical Engineers, Voli. 395, Part 1,
No. 99. hy 1949. PPo RO-98,

- —— e i > s

- ——




R-276-52, PIB-215 4

(1) The problem of the split load in voltage subtraction
clrcults

Voltage subtraction circuits require a split load as shown
in Fig. MRI-12683. For applications where the actual useful load is
split, such as a two fielf motor or relay, this is no problem. Act-
ually it is a desirable feature. When thc load is a two-terminal ne%-
work, it must be connected gcrosz the extremities of a split network
which is not a useful load, This type of arrangement involves a
rather largoe loss of power in ‘‘he mixing resistors. An obvious rem-
edy, wculd be to replace the split load resistor by a split trans-
former and place the lcad cn a secozdary winding. While this is a
perfectly satisfactory circuit, a little reflection soon reveals that
such an arrangement 18 equivalent tc the curreui subiraciion circuis
whose attendant problems will be discussed shorvly.

2) The problem of circulati current in current subtraction
P ng
circuits

One of ilie majocs prublems in current subtraction circuits is
the stray component of current that flows around the outaide loop
through both doublers and the supply transformer, by passing the load.
When both doublers are saturated, the transformer voltage is impresses
across the forward resistance of the rectifiers and the resistance of
the windings of the saturated reactors. These resistances are usually
much lower thaa che load resistancs and vsry large circulating currents
can flow. 8uch current serves 1o purpose as far as useful power is
concerned and represents a completu. waste. The waste, howeyer, may
be minimized with proper biasing of the amplifiers. Circulating cur-
rentc are unavoidable in practical ovperation and may even be desirable
under certain ciroumstances.

(3) Biasing of push-pull amplifiers

Figures MRI-12558a througii MRI-12658e show the results of
various bias currents in a push-pull amplifier in terms of relative
position of the indivdual transfer curves mnd the push-pull doublers
using the cores of set 1 as described in Appendix I. The unuvsual
methods necessary for obtaining these osillographic displays of treas-
for curves have been enumerated in Appendix I.

Fig. MRI-126660 siiows the trunsfer curve of one doubler with
no bias mmf, as obtained by the oscillographic technique. Note that, et
gero control mmf, full output is obtained and that & negative control

Bibcontly, the Ford Instrument Company (Division of the Sperry Company)
have made available a line of motors having two windings in both fields.
This apparently was done for universality of applications conaiderations,
but, of course, such a motor msy be utilized as & split field dsvice i
operated at one-half of maximum ratings.

——
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mf, (of approximately .02 ampere-turns per inch) is required before
the output voltage begins to diminish. Nots, toc, that there is a
small hysteresis-typs loop mear the minimum point of vhe doubler.
Vhen traveling down the transfer curve; that is, going from maximum
output vuitage, the cutput changes smoothly, and by insensibls de-
grees to the minimum output. However, when traveling in the opposite
direction, the output voltage jumps abruptly. The jumps occurs when
the control mmf has increased to an amount slightly more than was
necessery to completely unsaturate the amplifier. Thus, near the
minimm output point, the transfer curve is doub’e valued. This is
an unsatisfactory ccndition in most servo aopnlications.

For ordinary doubler operation, the hystersis loop may
be eliminated by raising the AC supply voltuge abova the maximum
voltage for which the doubler can remain completely unsaturated at
the minimum point. Thus, the douller must always saturate every
cycle, if only very slightly; and the hysteresis jump never occurs.
A similar treatment can be employed in the case of push-pull am-
plifiers.

Figures MRI-12657 through MRI-~12658e show the relative
poditions of the respective doubler curves and the res=:ltant push-
pull characteristics for various amounts of tias mmf.

When twc doubiers with zero bias are connected in push-
pull, their characteristics may be representated in Fig. MRI-12657.
In this diagram, two transfer curves have been superposed, and the
approximate over all transfer curve irterpolated. The interpolation
was neczssary because actual operation of the respective transfer
curves overlapping to such an extent (because of zero bias mmf)
would cause enormous circulating currents (approximatesly § or 10
times full load current). As pointed out previously, such an al-
gebric interpolation is not completely valid. Actually the results
are fairly accurate especially if one is only interested in orne
compcnent of Lhe output, say the DC component or the fundamental com-
ponsut.

Figure MRI--12657 shows the impreacticability of the xero.
bias arrangement aside from the circulating current disadvantage.
Such an irregular transfer curve is seldom if ever, usable in
feedback control systems.

Figure MRI~12658a shows the relative position of the two
doubler curves with approximetely .030 ampere per inch bias mmf.
Note that the bias polarity on each doubler is such as io move %he
ocurves apart. With ,030 ampere turne per inch bias, at gzero con-
irol current, the output voltage for the indivdual doubiers when
not connected in push-pull is about 75% of the maximum. (It will
be seen later, however, thet there is a strong likelihood that the
indivdual doubler curves shift upcz completing the push-pull con-
naction;. At the zero output point, ths circulating current is about

—4 .
i

——"
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Tive times the actual load current. The upper push-pull cuive 1is
for mmf decreasing from nominal positive to nominal negative mmf,
that is from right to lefc. (Note that due to the method of obtain-
ing these curves they do not cross the abscissa as do the curves

in Figures MRI-12654 and MRI-12657, Gtut are folded at the abscissa,
and after reaching the zero output point, proceed to a maximum on
the same side of the abscissa). Both curves are the same so that
the output voltage of the pusn-pull circuit is everywhere a single
valued function of the control mmf, 8Since the bias rmf was suf-
ficient to bring the useble portions of both transfer cirves to-
gether so that they overlapped, an approximately straight and {air-
ly steep push-pull characteristic was obtained through the sgero
control mmf point. Incidently, the particular corees used were very
well matched so that the push-pull cutput is almost exactly zero
for zero control mmf'. Fig. MRI-12658b shows the reletive position
of the doubler curves with the bias increased to .036 ampere turms
per inch. With this bias, the output of each separate doubler is
about 457 of maximum at ths zero control rmmf point. When connect-
ed ag a push-pull amplifier, the circulating current is twice the
maximum load current. The push-null characteristic in this case is
also single valued,

Since the usual high performance servo system will be fro-
quently near the zero outpoint point, and since the maximum circulat-
ing current cccurs at this point, it will be necessary to limit the
maximum circulating current to approximately the same value as the
average load current. Of course, actual duty cycles and performance
duta are required to make an intelligent choice concerning the max-
imum allowable circulating current. The case shown in Fig. MRI-12658¢c
is probably closest to a practical adjustment of bias. Here, with a
bias of .042 ampere turns per inch, the unconnected doubler curves
overlap only slightly. At the zero output point, the circuiatirng
current is approximately equal to the maximum load current.

Figures MRI-12658d and ¥RI-12658e show impractical biasing
situations. The oscillographa show the push-pull characteristics
with bias values of ,047 and ,052 ampere turrms per inch respsctively.
As can be seen. such biasing mmfs spread the indivdual doubler curves
sufficiently to prevent any overlapping whatsoever. Therefore, the push-
pull characteristics shcw a distinct split at the zero control point.

A very significant feature of Figures MRI-12658d and MRI-
126586 is the reappesrance ~f the hysteresis iumps, These jumps,
characteristic of the individual doublers, were effectively "sub-
tracted out™ of the push-pull characteristic when the doubler char-
scteristices overlapped. The actual reason for the disappearance of
the hysteresis jumps will be aiscussed under Part F, "Remcving Hy-
steresis Jumps From Push-Pull Characteristics®.

—
s . e S
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D. Biasing Considerations

Fig. MRI-126569 shows the variation of the peak circulating
current (which occurs at zero control rmf) as a function of bias mmf
with the applied AC voltage to the push-pnll amplifier as a parameter.
Thesc curves have been obtained using the cores in set 2. It can
readily be seen that slight variations in bias can have a large effect
on the magn‘tude of the peak circulating czurrent. Until the bias
becomes r- “ficiently small to allow an overlap of the individual doub-
ler transf = curves, no ciroulating current results. Once thsy over-
lap the circulating current grows very rapidly with only slight re-
ductions in the bias. This is a consequence of the very low imped-
ance through the two saturated doublers across the AC supply.

It can be ssen that if there is any circulating current at all,
slight variations in the applied AC voltage have a fairly largs effect
on its magnitude. This occurs becauss the applied AC voltage has a con-
siderable effect in selecting the firing angle of the individual doub-
lers. As the AC voltage is increased, the doublers fire earlier in the
cycle, hence, for a fixed bias, if there is circulating ocurrent, the
magnitude of the circulating current will increase with an increase in
the applied AC voltage. In addition to this effect, the instantaneous
circulating current is dirsctly proportional to the amplitude of tne
applied voltage.,

Unfortunstely, it is not possible to separate the oirculating
ocurrent from the load current except when the load current is zeiv.
Fig. MRI-12661 shows a plot of the AC current (RMS) in one doubler as a
function of control mmf for typical values of biar mmf and applied AC
voltage (selecting these will be discussed later).

It is apparent that the variation of the peak circulating
current with changes in both AC supply voltage and bias mmf is rather
large. While the variaticn of peak circulating ourrents may be quite
large, this has only a very slight effect on the external transfer
curves as can be seen from Figurcs MRI-12658a through MRI-12658¢c.

Thess curves are the push-pull characteristics of two doublers with bias
variaticns of approximately 16% about a mean value of ,037 ampere turms

per inch; as can be seen the variation in the external characteristics is

quite small, oven though the maximum ciroculating current varies from
ftve times the normal load current to about the same as the normal load
current.

Of course, if the amplifier is not capable of supporting the
heavy circulating currents oocasioned by too little bias or too much
supply voltage, such regi.: . of supply excursion must b e barred. v
Bat, withal , chere is quite a large permisible variantion of both bia:
and supply voltage - limited at one extreme by seperttion of the doubd-
ler characteriastics, with the attendant dead zone and hysteresis jumps,
andat the other extreme by overl):: large circulating curisnts, or per-
haps loss of gain at the zero control mmf point as the doubler curves
overlap too far.

————
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E. Power Handliing Rating of Push-Pull Amplifier Components

1. Current Subtraction Circuits

If one considers a current subtraction circuit using two
doutlers it can be seern that for a load of W watts, the individual
doublers must be of 2W watts capacity. For when one doubler iz con-
ducting fully and providing half of the secondary voltage to the load,
and other doubler must be capable of remaining completely unsaturated
for the emtire cycle with full secondary voltage applied. It can be
scoen that for a load of W watts it is necessary to use a total aggregate
of amplifiers that are capable of controlling 4W watts in their normal
connection. This figure might be reduced to a certain extent if it is
anticipated that the system will operate away from the zero load
voltage (maximum circulsting current) condition for most of the duty
cycle and for approximately equal periods of time on each side of the
zaro output point, For ideal conditions of this sort, the capacity
of the amplifier might be €ut in hair, Usually , however, high per-
formance systems are expected to center, for most of the duty cycle,
about the zero voltage point and the mituation outlined above seldom
obtaind in practice. However, if ths maximum circule-ing curreat is
minimi zed dy careful adjustrent and accurate maintenance of bius and
supply voltage, it would probably be possible to cut dewm ecmewhat,
the figure of 4W watts.

2. Voltage Subtraction Circuits

The power handling requirements of the components making up
& voltags subtraction amplifier or split load push-pull magnetic am-
plifier, carnot be stated as simply as in the case of the current
subtraction circuit.

A8 previously alluded to, these circuits are most generally
adapted to the excitation of electrically split electromechanical
transducers such as two fisld motors. If such a load is to be used,
it can be said, that except for circulating currents occasi. ned by
stray coupling between the load halves (as might well be the case in
a two field induction motor), and considering & duty cycle as out-
lined sbove, for a loac of W watts, an aggregate of amplifiers con-
prieing only W watts is required.

If the useful load is not electrically srplit, a dummy split
load output network must be incorpcrated to perform the voltage sub-
traction., This is generally an undesirable procedure because such a
network wastes power and occasions the use of larger than necessary
magnetic amplifier components, It can be easily shown, fc¢r instance.
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that in the circuit of Fig. MRI-12653, the source impedaince seen by
the useful load across terminals a and b approximetely equal to R,
the impedance of one hLalf of the split load. For a duty cycly em-
ploying both of the component amplifiers (comprising the push-pull
amplifier) for one half the time, each amplifier murt be capable of
delivering 3W watts for an external useful load of W watts. This is
because each amplifier must deliver 5W watts to the durmy load and
* watts to the useful load for one half the time. Therefore, an
ration of amplifiers »~f total power handling capacity of €W
must be employed. (This is not the optimum adjustment).

Usually an internsl impedance comparable *o the load im-
pedance is undesirable, even in the case of the almost constant in-
put impedance of the two pnase servo motor. One consideration in
this regard is the dynamic damping; the lower the source impedance,
the greater is tha motor damping and the less likelihocd there i
of single phase operation. rrequently, these ccocnsideraticns arse of
such importance that a high internal impedance may nct bs tolerable.
The output impedancs of a current subtraction circuits caz be easily
made much lower then that of voltage subtraction circuits. The im-
pedance of such circuits is approximately the same as that of a
eingle doubler,

F. Removal of Hysteresis Jumps from Push-Pull Characteristics

(1) Voltage Subtrection Circuits

Hysteresis jumps can be removed from voltage subtractior
circuits by applying sufficient AC voltage to each of ths component
amplifiers, comprising the push-pull amplifier. Divesting both
amplifiers of the jump, in the voltage subtraction circuit, pre-
cludes the possibility of the jumps appearing in the overall push-
pull characteristic. Note that it is not at all sufficient to mere-
ly overlap the individual transfer cirves to prevent the jumps from
appeari: 7 in the push-pull characteristics. 1f only this were done,
the jumps would appear no matter how the curves were overlapped.

(2) Current Subtraction Circuits

Techniques to the above may be employed in the case of cur-
rent subtraction push-pull circuits. Cansider, for instance, the case
of the doubler subtraction circuit of Fig. MRI-12556a. When one doub-
ler conducts, the AC voltegs whi:-h it applies to the lcad is at most,
only cze half of the marsugum voitage which it can handle. At first
glance, it would seeam that the hysteresis jump is inevitable since

———t

e ——— —

- — T —————

RS




B g = e

R-276-52, PIB-2i& 10

apparently, there is a minimum poirnt for the individual doudlers
where only magnetizing current flows. If, however, care is taken
in biasing so that the transfer curves of the individual doublers
overlap past their respective hysteresis jumps, and if sufficient
AC supply voltage is supplied to the push-pull amplifier, the jumps
may be removed. For it will be noted, that the full AC supply
voltage across the split transformer is applied to the doubler which
is conducting only for a smail period, somewhat before the time in
each cycle when it is fired. Thsi occurs after the other doubler
fires earlier in the cycie. Thus for part of each cycle the volt-
age applied to the lesser conducting doubler is twice the voltage
ever seen by the load. If this voltage is high enough, (sufficient
AC supply voltage) and if it is applied lonag enough (sufficient
overlap), the effective minimu. point for each doubler can be moved
up past the magnetisging current value. In other words, it is pos-
sible to force each doubler to conduct every cycle. As a result
the hysteresis jump can be avoided.

For the set of smaller cores (setII) used by the author
(see Appendix I), it was found that an applied AC voltage of fifty
volts acroas the full supply transformer and an overlap of character-
istics permitting peak circulating currenvs: of about the same ordsr
as the maximum load current insured the at. ice of the jumps. It
is to be neted that the maximum voltage which the cores could hand-
le and have one of the doublers completely cut off was about forty-
two volts (each doubler could remain completely cut off with twenty-
one volts applied).

The hysteresis problem seems to have only been scantily
mentioned in the literature; thereiore it is important, using a
new push-pull circuit, to check very carefully for the existence
of any jumps, since their existence in a feed-back system would
prove det-imental., It is possible that techniques similar to those
described previously caun be used *to eliminate hysteresis character-
istics from other types of push-pull circuits when they occur.

Ge. Characteristioe of the ™:gh-Pull Transfer Curve as Regards
Feedback Systems

When considering the use of push-pull magnetic amplifiers
in feedback systems, it is important to consider not only the usable
and sensitive range of the transfer curve, but also the fairly fl=t
or "saturated® part of the transfer curve, For instance, Fig. MRI-
12662 shows the individual amplifier characteristics and the result-
ant push-null cheracteristics., In regurd to the individual *+ransfer
ourves, it can be seen that if the contro! current is increased neg-
atively past that necessary to achieve minimum output, the output of

———
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the individual amplifier once again begins to rise, though at a much
lower rete. The effect of this rise can be seen in the composite
pusn-pull curve where, past the sensitive control current. Ia a
feedback loop, this means a phase reverzal of 18C dagrees in the
loop-gain-transfer function. For thie type of syntem, the circuit
immediately becomes inoperative when the control current excursion
exceeds the central portion of the transfer curve. The possibility
of such a situation ococuring is particularly great when servc systems
are turned on or when subjected to heavy external mechanical loads
or large electrical input signals., To avoid such a possibility, it
is necessary to place somawhere in the system, a device which will
saturate before the magnetic amplifier from ever reaching the sat-
urated region.

H, Trarneient Considoraticn

For applications where the load on a push-pull amplifier
is fairly constant, we have seen that the amplifier may be repre-
sented, for static consideratione, by a twc dimensioned transfer
ourve. This is a very convenient representation wiien the amplifier
merely becomes one link in a system. For servo work, however, a
¢ynamic transfer is a very valuable piece of kaowledge and enables
the design engineer to make intelligent predictions concerning the
measures necessary to stabilige the aystem intc which an element is
inocorporated. 8eveiral methods have been advancec in the past to
dsscribe the dynamic performance of magnetic amplifiers. One of the
most common is the assumption of a simple RL transient taking place
in the cortrol circuit: the assumption being that the output of the
amplifier follows the control cur.ent and that the finite time re-
sponse of the magnetic amplifier is due only to the inductive lag in
the contrel circuit which prevents the control current from changing
instantly., The actua. mechanism is known to be more complicated than
this; in this regard it is orly necessary to mention as one factor,
that inductances comprising the control circuit reactancs are non-
linear. The method, however, givea fairly good results for several
types of circuits. The doutler is not one of these, though; the
doubler, in fact, may demonstrat rates of decay and build-up for
step inputs, which differ markedly from each other. There ie no
linear circuit which can approximate suoch performance.

III Two Phase Servo Motors

A. General Deacription

The term AC servo motor is usually taken to include that

.
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peculiar type of AC induction motor which has a high torque-to-inertia
figure of merit and approximately straight line speed-torque curves

in the range of slip from zero to une. These machines are usually
two-phase machines, because this type of induction motor may te de-
signed to be reversable and yet exhibit complete control of speed and
torque by the variation of oniy one input parameter. Typical manufact-
urer’s data is shown in Fig., MRI-12662. This is usually the only data
which manufacturers make available. Most servo motors have electricel
characteristics v-ry similar to thoeo of Fig. MRI-126582. The principal
characteristics of servo motors may be described as follows:

(1) Aoproximately straight line speed-torque characteristics;

or at least two approximately straight line regions, one for high speeds,

one for low spaeds. This type of characteristic is obteined yy making
ths reflected rctor resistance very large. As is well Kiauen, increuws-
ing this resistance, moves iLle peak of the speed torque characteristic
to the left in a diagram like that of Fig. MRI-12663. In the case of
most servo motors this peak has been moved so far to the left, that
maximim torque occurs at & slopscf 1, Thus a fairly linsar spced-
torque curve can be obtained over the entire useful renge of slip.

(2) An almost constant input impedance, resulting in an
almost constant input current independent of speed. The impadance
angle varies, however, as the motor extracts varying amounts of
power J'rom the source depending on the load requirements.

(3) Extremely low efficiency as evidenced by the large
discrepency between input and output power in Fig. MRI-12652,

‘4) In addition, Diehl motors are built to deliver approx-
imately 63% of locked-rotor torque at 55% of synchronous speed, this
is a rough measure of the departure from true linearity that the spesd-
torque curves take.

(5) These motors are rated by their maximum power output.
The Diehl catalogue lists a great number of different mctors with
maximum power outputs ranging from .5 watts to 750 watts. Dwspite
this wide rangs of variation, all of their electrical characteristics
are very similar to those shown irn Fig, MRI-12662. The motor used
in this investigation is one such typical machine of four watts max-
imum output power.

Servo motors are usually operated with a fixed, or referenced
voltage on one phase (winding) and a variable control voltage on ths
otmr phase. For a specified torque output, the speed may be varied,
by varying the voltsse on the control phase. The family which results
is shown in Fig. MRI-12"64. These curves were measured during the
covrse of this investigation., (See Appendi: ITI)

7800, for instance, Liwschiti-Garik and Whipple, Electric Machinsry,
Vol, 11, Van Nostrand, New Yo~k City, 1946,
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B, Physical Description

The external physical dimensions have been shown in Fig. MRI-

12662, The rotor is comparatively long and thin in order to improve
the torque-to-inertia figure of merit; for the particular machine used,
the rotor diameter is 0,6205 inches and the length is 1,5 inches. The
high rctor resistance is achieved by using cast aluminum rotor bars of
small cross section; they are eleven in number, skewed 60 electrical
dogreee. The stator has only eight slots with a tnree slot coil pitch;
the ste+sr diameter is 0,6302 inches which leaves an 0.005 inch air

gap. = ¢« very large air gap for a machine of such small dimen-
8i .proximately four times as large as that usually found
in .otors if ali dimensions were scaled up to typical motor
size.. .t represents, however, about the smallest san mechenically
feasible in a production unit. It is prcbable, that the machins woul
be built with such & large air gap, even if a smaller one could be

provided conveniently. This is because it results ia most of the mag-
netieting reactance occuring in the gap and, as a coneequance, the
machine never saturates when rormal voltages are applied. Such o fea-
ture makes linear speed-torque curves possible over the entire operat-
ing range of the machine. 1In addition, the large air gap causes a
very large magnetizing current to flows the result is the almost con-
stant input impedance independent of speed.

C. Electrical Performance of Two Phase Servo Motors

The data published by servo motor manufacturers usualiy
comprises only that ghcwn in Fig. MRI-12662, The most significant
curve, us far as system design is concorned, is the speed-torque
curve, This curve is usually given for balanced operation (equal
voltages applied to both phases, in perfect quadrature) in the reg-
ion from no load to stall. For accurate prediction of closed system
performance & family of such curves such as the one shown in Fig,
MRI-12664 is required. The curves are seldom, if ever, availatle
from the manufacturer.8 System designers, therefore, make the
following assurmptions:

(1) The slopes of the entire family of speed-torque curves
ars constant and given by that of the speed-torque curve for bal-
anced operation &s provided bty the manufacturer,

(2) The output torque at a specified speed is directly
proportional to the AC voltage applied to the control phase of the
machine when the reference voltage is fixed.

8800 Koopman, R..J.W., Operating Characteristics cr TWO-PHASE SERVO MOTORS

AIEE Transactions, Vol. 68, New Vork, N.Y., 1940,
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(3) The speed at a specified torque is directly gropor-
tfcnal to the AC voltage applied to the contro. phase, when the
reference voltage is fixed.

As regards assumption (1), it will be noted from the
family of speed-torque curves in Fig, MRI-12664, that for the
FPE 25-11, at least, the speed-torque curve is not a straight
line, Most two phase motors have this later type of character-
istic, although some do indeed have an almoet straight line
speed-torque characteristic. It is to be observed, that the
speed-torque curves uf Fig., MRI-12664 can be approximated quite
well by two straight line regions as shown in Fig. MRI-~12665,
Flg. MRI-12€65 showa A high 2pead atraizht lina ragion. and a

equals cne-half), Supsrposed upon these curves is the measured
family of speed-torque curves, as a comparison: they agree quite
will, In system design, ona ip usually interested in only a
single region, the high speed region, or the low speed region.
For most servo systems, whicii are of the position repeating type,
interest 1lies in the low speed region since it is presumed that
the system will almost always be near z570 srrcr point and hence
the motor will be turning ccmparatively slowly. For velocity
repeating servos, probably the high speed reguon is of greatest
importances but for such systems, both regiors usually rmust be
considered. It is interesting to observe, that for the FPE 25-11
motor, the slops cf the low speed region is about 0,00028 ounce~
inches ver RPM, or a retio of about three to one. These are ty-
picsl servo motor charccteristics.

We must consider assumptions (2) aand (3). It can be
seen from the family of speed-torqus curves in Fig. MRI~12664
that assumption (2) is a good one. It is interesting that as-
sumptions (2) and (3) are incompatable from purely geometric
consideratiorss Fig, MRI-12666a, for instance has been construct-
ed from a typicel speed-torque curve for balanced operation by
recourse only to assumption (2), that is, linear variation of
torque at a specified speed. Such a construction yields a family
of curves, all of which pass through s ccmmon point as shown, juat
as does the actual family of speea-toriyue curves. If the third
assumption is applied to ths-diagrmm,that ie iinear variation of
speed along a constant torque line, it will be mnoticed that it
does not hold at all, especially mear the syachronous speed point
where all the curves bunch together. If one were to construct a
family of curbes using the balanced operation speed-torque curves
and assumption (2), a. 1 the curves would again pass through a com-
mon point, dbut this time at the zero speed, maximum torque pointg
this, of course, is quitse far from the actual case.

T
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Surmarizing, assumption {1) is usable provided interest lies
in a low speed région or a high speed region, Assumption (2) is quite
good aud ocan be proved from the equations of the motor. Assurption
(3) is not even geometrically compateble with the correct assumption,
(2), and doss not hold over large regions of the motor characteristice
A good case can be made for assumption (3), however, when considering
only the low speed region, when certain idealizations are made,

D. Determination of the Parameters of the iwo Phase Servo Motors

Part E of this section presents a method of determining the
complete characteristics of iLwu phiass sorvu muiurs iuciuding inpul
current (both amplitude and phase) as wei. as the compiete family of
spee.! torque curves. For such an analysis, a complete set of motor
parameters is necessary. The measurement of the motor parameter (in
the equivalsnt diagram) for these miniature, large air gap motors,
must be performad differently than is usually done in ordinary poly-
phase mutors. After the parameters have been determined for the ty-
pical servo motor used in this investigation, it will be apparent
that the order of magnitude, of the parameters, for these special
motors, is quite different from Lhe relative magnitudes to be ex-
pected in the usual machine. The result is, that when usiug the
conventional stall and no-load tests, it is necessary to interpret
erperimental data in a special way to get a consistent set of para-
meters.

The assumptions made by the author, referring to the equi-
valent cireuit in Fig. MRI--12666b, are: (1) x, is approximately
equal to xé; (2) r_ is approximately equal to zero; (3) the machine
never saturates. Tt is not assumed and it would be wrong tc do so,
that under staii conditions, the magnetizing current is zero. Such
an assumption leads to erroneous results, since the magnetizing current
is high at all times due to the very large gap in servo motors.
This situation is even mcre pronouaced in the case of drag cup
motors, since auch a machine has two air gaps.

For usual machine conetruction, assumption (1) is a gocd
one. This is because both rotor and stator, being mates, are simi-
lar geometrically. Even though they may look unalike, and their
actual perameters differ markedly, when the rotor params‘ers are
referred Lc tha stator, the leakage reactances are approximately
equal.

As the mwihod ¢f procedure is outlined, it will be sean
that assumption (2) can checked f3r the motor being tested. Although
only one motor has been checked by the author (ard that nne easily
all ws assumption (2)), it is tc be presumed that servo motors, in
general, due to their large air gap and low saturation, will all allow

— |
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assumption (2). 8hould assumption (2) not be allowable, an alternate
procedure will be offered to take acccunt of appreciable hysteresis
and eddy current losses provided they are assumed to be constant over
the tange of operation.

Assumption (3) is accurate; tests reveal that even with
double the ruted voltage applied to tne maciiine, the current drawn
by the machine is almost perfectly sinusoidal. This is undoubted-
ly a consequence of the very large air gap which constitutes rost
of the magnetizing reactarnce.

I1f the aforementioned assumptions are made, only threse
easily performed tests need to be made to obtain the equivalent
Alrenit of the machina,.

(1) The machine is allowed to run at no load, with equal,
balanced, and rated voltages applied to both phases. Under these
conditions, the motor will run at almost synchronous speed, but
this probably isn’t necessary in most cases providsd that no load
speed is close to synchronous speed. When running in this manner,
the input voltage and current are measursd as well as tha phase
angle between them. The angle may be determined by oscillogrephic
iissajous patterns or, if a suitable ranged wattrneter is availatble,
it may be readily calculated from volt-ampere and watts data.

(2) The rotor is locked with rated voltage applied and the
above measurements are repeated. If desired, the locked rotor torque
can be measured, but such data is required only as a check on torqua
calculations.

(3) The stator resistence is measured with an ohmmeter
with the motor disconnected from power scurces.

Incidentally, all measurements should be taken with the
motor at some constant temperaturey it was found that "normal opera-
tion™ c¢ould be ccnatrued to mean many things and that wide temperature
variationa car occur depending on the type cf cperstion. The usual
oparating duty cycle of the machine should be determined in advance
and such a cycle duplicated until the machine comes up to & stable
operating temperature. For this investiga*tion, it was assumed, as
is the case for most servos, that the motor would be standing still
for wost of the time with full veltege applied to one phase, and
no vcltage applied to the other phuse. (The zeroed case for a pos-
ition repeating servo). Under this condition, the motor warmed up
to about 90 or 100 degrees Fehrenheit, ot which time r equaled 260
ohms. All measurements were subsequently made with ry equel to 260
ohms; that is, a constant, but arbitrary tempsrature,
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For the FPE 25-11, typical test data is us follows:

r, = 260 SL

at no load: (speed is approximately 3520 RPM, slip = 80 RPK)

= ,069%a

Vl applied = 75V
- sngle
L _

at locked Rotor:

V applied = 74v'2
{

T - nan
- Vv
Fs

(:)

Torque = 2,2 ounce-inches

®ith the data from the no-load tests, ard ﬁhowing r

T app, and T = 34

, the

e o e

between V app. and I = 74°

diagram in Fig. MRI-12666c may be coenstructed, This is the s%andard

diagram for a machine runring at, or near synchronous epeed,

assuming no rotor current.

Fig. MRI-12666c shows thw impressec. line voltage being
balanced by a resistive drop, and a reactive drop in the mozor.
Referring to the equivalent circuit of the motor, and noting that
the rotor (xé and r'/s) is assumed to be drawing nc¢ current, it is

at

apparent that the “eszstivo drop, Vr is given by:

v. = 1) (r1 + 1)

and the reactive drop v, is given by:

Ve = Ip (xp e xp)s

may be determined.

i

from which (rm +r,) and (x, + x
for this motor, al a typicidl &ss

- i 4
Ivo Wmotos, vl

(ry + ) %1y,

It was found

as measured by an ohmmeter - for this machine, about 260 ohms.

Therefore, r = 0.

that is,
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With the data {rom the locked rotor test, the parameters
may be determined. If the rotor brauch is assumed to draw current,
it may be shown that

o -
1] '
v, = 1, rlorzxm .
(r5)% o X
2 —
nm

(r)2 + X

- T -
V —1 x

-

where

X - (X eX) = (X +X)

8ince r, and the sum, (X, ¢+ X ) = ( e ), ) are auiready known, one
ey roa%ily solve for al themptrame ers. Note, that it is not
necessary to ignore the magnetizing cirrent in the stall test as
others have done.’

The ceiculated parameters for the four watt FPE 25-11
are as follows:
r; = R0 M,
xm 980 L
X! = S
X Xz 60
r, = 720 L.

2

The relative proportions of these parameters are far from what
would be expected in the usual induction motor. It can be seen
that x, and x; are quite small and could be neglected without

too serious an error. From the data in test (1) it was determine”
that r_ = 50 ohms, While thjs is of the same order of magnituds
as End ', and indeed, as much as one fifth of ths stator re-
ais:}nco, f% becomes negligible when placed in ssries with the
quadrature impedance of 980 ohms presented by x . I, nowever,
r_had not turned out to he negligibie in compa?ipon with X , it
wduld be possible to ignore the leakags reactances x., and x* and
thereby have sufficte:t dais rou L' .- two tests to calculatg the
paramsters now es~umed tov ke of sig _ficance. If it is desired

to include x%, x,, and r_, i* will be necessary to make another
measurement of igput voltaze, current and power at a third value
of speed to obtain ~uffi~ s’ date to calculate all the parameters.

9800 Koopman, op. cit,

I ..
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This latsr type of calculation is likely to prove inordinately long and
tedious compared to the ones previously outlined, and, except for un-
usual servo mctors, will be unnecessary.

In order to check the results obtained with the data obtained
from the no-load and stall tests, another measurement of input voltage,
current, and power was made at a speed of 1800 RPM. Using the no-lcad
data and the half-speed data, r, checked within 5% and x! within 25% of
the values calculated with the go-load and stall data. e large var-
jation in x. resulted because it is therefore difficult to separate
from the d:¥=. Such a result shows the imprecticability of trying to
separate ! from x,. The close ngreement between the two values of
r, is8 a far more significant result, and siows that the scheme out-
lgnod for the determination of the motor parameters is an accurate one.

E. Calculating the Static Performance of ths Machine

Once the paremeters of the motor have been determined, it is
possibles to compute both the magnitude and the phase of tha input cur-
rents in both windings for arbitrary phase and amplitude of applied
voltages. These calculations may be performed at any speed, and as a
consequence, it is possible to predict the entire family of speed-
torque curves. The method of perfcrming these calculatiocns will be
based on the resolution of the two-phase motor i.ito two single phase
machines, coupicd electrically by the rotating field of the motor and
mechanically by the shaft of the motor. The equations presented will
be perfectly general, allowing fcrt electrical unbalance of the applied
voltages, as revgards both phase and nagnitude, external impedances in
series with the machine, and inclusion of internal source impedanres
in the mutor calculations., It is also possibls to ccnsider unbalanced
machines., Needless to say, the simplest form of the equations result
for the most perfectly balanced systes. Usually it is cnly necessary
to consider unbalanca in ths magnituce of the applied quadrature volt-
ages,

The method of analysiz of the two phass machine oresented
here has %“een dcveluped Ly Dr. M.M. Liwschitz -Garil and presented
in detail by Mr. Joseph Reed in a master's thesis at the Pelytechnic
Institute of Brookliyn (June, 1951), entitled "The Elimination of Cen-
trifugal Switches in Single-Phase Induction Motors™.

The circuit shown in Fig. MI-12667a will be assumed tc re-
present a single phLase induction mctor. It can also be considered
to represent one phase of & iwo phase motor when that phase alone is
carrying current. The correepondence between the parameters determined
for the machine using tha polyphase equivalent circuit and tho singlo-
phase diagraw in Fig. MRI-12667a is one-to-one, That is, the results

s
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of the determination of the parumsters as outlined in section D, are
used directly as indicated in Fig. MRI-12667a, 2. is assumed to be

20

the impedance across which is the vcltage drop due to the forward
rotating field of the motor; i5 the impedance presented by the

backward rotating fieid.

where

ifr =0,

and,

Zf = Rf + fo

It may be readily shown that:

+ (k Xm)z (1)
- & (k2 Xp)

Ty
Rf - 1/2 . a(rp + ?g'
(rm + 2)°
- b(rm + T2)
X, 1/2 . ”5
(rp + fé)z
28
L
k, = 1+ %2
Xm
a = 1/4 {%m.fg - X,
' ®
b = 1/4 |r « T2
Rf - 1,/2 3

- (kz xm)z (2)

Ne 4
‘) e k & ()
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Also zb = ij, where Rb and XL are obtained from R, and Xf

f
by substitutink (2-s) for s. The one phase of the motor may be repre-
sented as shown in Flg, MRI-12667b,

If we now consider the other phase of the two-phase motor
and assume it to have (a) the number of effuctive turns as the first
winding, but displaced 90 electrical degrees from the first winding,
it may be represented as : .1 Fig. MRI-12867c. In almost all servo
motors, (a) is equal to unity.

If both windings are considered to be carrying current
simultaneously, it can be demonstrated (see Jj. Reed, op. cit.) that:

v, = L2, +1, 72, (5)
. (4 [} *
Vo = I 2,41 2, {(6)

where

Z) = (rpeRgrRy) ¢ JEXpE) ¢ Ly (D)
Z, = “2(“1‘31"*%) * J‘?(xl’xf’xb)“‘zzu (8)
iq - a [(x!.-xb) -3 (Rr-R.b)] (9)
2, - abaxen) o5 @ery ). (20)

Z,, and 4’7.‘2 are any impedances which may be placed in series
with windings one or two, respectively. These may be, for instance,
the internal impedances of the source driving the control winding or
the impedance of the capacitor which is placed in series with the
reference phase to provide quadrature voitage when the machine is op-
erated from a single phase li:s,

8olving for the currents in the two phases:

e V2, -V, 2

R '11\“1 (11)
1 “2 T 4q %

. ¥, 2, -V, 2

I - 2 1 %

: T -L|°
1% " %q 4 2 \_E__ (12)

-4
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The averzge torque is given by: (in ounce-inches)

135 2 2 2
T = f:’;‘ [(11 . 12 a )(armnb)ﬂtllza(ar"p,b)einﬂ (13)

Where & is the ungle (¢2~Q1) and n_ is the synchronous speed of the
machine.

When a - 1, the above equations reduce to the following:

2, = (XX ~ J(Re-Ry) (14)
Z, = <(XpX) + J(Rp-R,) = -éq (15)
T - %i—s [(If . IZ') (Rp=Ry) * ZIIIzainQ(Rro»R_b)] (16)

The procedure for the complete calculation of the family of
speed-torque curves may be outlined as follows:

(1) Given x,, x%, X» Tyo r;. and assuming r = O, calculate
Rr. v Xps at three or four fferent values of slTp from zero to
one, I'rom equations (1) and (2) or {3) and (4).

Z, Z, from equations (7),

(2) Using these, calculate Zl. 22, Qo

(8) and either (9), (10) (14) or (15).

(3) At & srecified slip, calculate the input currents for
various voltages applied to the control phase of the motor according
to equations (11) and (12).

(4) Calculate the torque at all the points for which the
current has been determined in (3) according to equation (i3) or (18).

Thus, points along lines parallesl to the torque axis (constant
speed, that is, fixed slip, s) corresponding to various applied control
voitages have been calculated. Connecting the common voltage points,
yields the familiar representation of the family of speed-torque curves,
The complete calculation as outlined above is shown in Appendix IV.

It is now pertinent to discuss the validity o1 assumptions (2)
and (3) as given in part C of this section in 1light of the theoretical
development just presented. Considering assumption (2), the direct pro-

portionality of torque to contrcl voltage at a fixed slip, it is interest-

ing to not that. for a fixed siip, ihs values of Z,, 22. Z, 2, are fix-
ed. If only one phase of the motor were connected to a aoarce, the input

~
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impedance would actually be o constent, 1independent of the applied volt-
age or the output torgue, just as iong as the slip remains constant,

This has bteen varified ve.y closely at a slip of one. (At this slip, the
cutput toique 1s zero nc matter what vcltage is applied, because a single
phase motor develops no torqgue.)

When both phases are excited a different situation prevails,
The equations for the input circuit (11) and (12) show devendence on
beth applied voltages. Hence, it cannct be readily cconcluded that the
input impedsnce is a constant, at a fixed slip, when V, and V, are both
finite. It is to be noted that the ouantitiec Z_and kt,the gmpedanceﬁ
which relate the dependence of the current in ond phase upon the volt..
age applied to the other phase, are derived from the difference of QR
and R,, X, and s While 2 and 2_, the impedanrcas which relate the Se«
pendence of the current in one phgse to t. 2 voltarze applied to the same
phase ars derived from tne sum of these impedances plus the stator im-
pedance. The difference quantities wre always smailer than the sum
quantities and markedly so for large values of slip (low speed region),.
When typical numbers ars used, as in Aprendix TV, the effect of the
interaction of one winding on enother is very small., Ths effect can be
neglected except for ths condition of full voltage on one phase and liess
than one third of full veltage on the other phase at slip near one-half,
At 8lip greater than this, the effect on the current in one phase as a
result of voltage »n th~ cthor prase Leccmse: less and less important,
and disappearing completely at unity slip; et this poini Rf - Rb and
Xr = lbbt

Haviig siiown that the input impedance is approximately constant
at a (ixed slip, for wide variation of applied voltages, especially at
iarge =slip, we are now 1n a position to vindicate assumption (2). Refer-
ence to equation (16), giving the output torque as e funciion of the
current in both phases, shows the torque to be composed of two terms.
One of these, (I1 . I%), is multirlied by (R,. - R, ), 8 comparatively
small term, especially at low speedsp the otger term, (2I, I, sind), of
the smae order cf magnitude as (I% - I%) is multiplied by (Rp + Ry.), &
much larger number thon (}(f ~ R,). OnCe apain, Appendix IV, showing
typical values of R,, R, a3 wol? as (&, - &,), lends numerical credance
to these gqualitative argumsnts. It can be seen that, assuming (Rf-Rb)
conperatively small and a fixed speed,

I~V

the torque is, indeed, approximately prcporticnal to the applied con-
trol voltare,

- — — " ————— ————
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This is a very important conclusion for it shows that assump-~
tion (3) is essentially groundless from purely geometric considerations,

Fig. MRI-12664 shows that the actual family of speed-torque
curves has the same general shape as the geometric construction in Fig,
MRI-12666a except tha*t the actual speed-torque curves do not pass through
a common point, If the negative torque region of such a plot were extra-
polated it would be seen that the various speed-torque curves tend to pass
through a common point., The measured torque differc scmewhat from the
developed torque by windage and bearing losses, Fig. MRI-12668 shcws the
measured family of speef-torque curves extended back into the negative
torque region. It shows how closely assumption (2) holds for a practi-
cal motor,

F. A Static Transfer Viewpoint of the Motor Extended to a Dynamic
Viswpoint

One of the first considsrations of & systems designer is the
static accuracy rejuirement of the system. Such considerations based
on the external mechanical load and static friction, lead to the initial
estimetes of the size of the system components, It is,therefore, per-
tinent to consider the static transfer characteristic of the two-phase
mctor. This may be readily extended to a dynamic consideration (pro-
vided electric transients within the motor are assuned to be fast com-
pared to mechanical transients).

The input to the motor is a controlled AC voltagey the out-
put is a torque at a speed. For a fixed input, both torque and speed
may vary {usually the torque is consjdered to be the independent var-
iable, but this is of no particular consequence). 8uch a device ex-
hibits a three dimsntioned manifold a= an electrical description; as
such, it is analogous to tke vacuum tube.

It is to be noticed that although the input impedance of the
motor (at the contr¢l input terminals) is not high, and does draw powsr,
the magritude of the input impedance is quite constant. We have seen
thet the angle of the input impedance is subject to considerable varia-
tion. If the device driving the two-phase motor has an output character-
istic which is a function only of its input and the magnitude of its load
impedance, und produces an cutput which is independent of the angle of
the losad impedan:e, the output of the driving device could be predicted
on the basis of a fixed load which could have a fairly low impedance,

One ‘night extract the constant magnitide input impedance of the motor
as ar oviernal element and regard the motor terminals exactly as one
would regard the grid-cathode terminals of a wvacuum tube.

e S
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Such a convenient viewpoint depends on the luvad vcltage
({.6. the motor voltuge) being independent of the power factor of
the Joad on the motor driving device. If the motor driving device
is a vacuum tube this is the cass to a very ¢ood approximaticn.
We will show later that it also happens to be the case for the push-
pull circuit contrived from two doublers.

I¢ 12 also to be noted that the three dimensioned manifclds
describing both the motor and the vacuum tube are quite similar in
general appsarance. It is conceivable, therefore, that one might de-
duce an equivalent diagram of a motor similar to the one customarily
used in linear vacuum tuts circuit analysis. For example, consider
the compariscn chart shown in Fig., MRI-12669, In this chart we heve
siiown quantities that may be considered analogous on opposite sidas
of the vertical line.

The manipulation of the three dimensioned vacuum tube char-
acteristics is a well advanced practice. The chart shows how this
technique is readily applicable to the two-pnase motor. While the
ensuing development can be made from nothing more than the geometry
of the motor characteristics and without recourse to a different an-
alogcus device, nevertheiess, the principle of analcgy is & powerful
one in aiding easy understanding.

The basis of the analog; which has bean chosen, is the com-
parison ot the plate characteristics of the vacuum tube with the speed-
torque characteristics of the two-phase motor. ©Since these are two
dimensioned plots of three dimensioned manifolds, thers are two other
equally descriptive families of curves for bsth devices. Aany correspond-
ing set would have been sufficient.

If one considers the low speed charscteristics of the motor,
say for slip greatar than one-half (the usual case when the servo is in
linear operation and not slewing), and drews them with an inverted ab-
scissa as compared to tihe usual presentation, it is observed that the
plate characteristica and the speed-torque curves are completely anal-
ogous, as regards their topological appearance, with the exception that
the torque and e, increessea in opposite directions. One may then pro-
ceed to relate spesed tv i,, torque to ey and applied control voltaga
to e . In linear vacuum gube theory, only two derivitive quantities are
necessary to describe the AC performance of the vacuum tube. Three are
generally co:isfdered, of which only two are independent. They are &« ,
the "amplification factor", defined as &°b with the plate curreat held

28,
constant; ros the "plate resistance” defined as3 b with e, held constant;
Ai
and g , the gria plete transccaductancs, or "mutua? transconductance” =
defined as3ib with e, held constant. It can be seen that the three

aae

derivitive quantities are related by,

—+- y ,
\
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ol Y

€ince the vacuum tube 18 completely Jescribeu oy a three dimensioned
manifold, only two of the three derivites are needed to specify par-
formance completley when a static operating point (iritial condition)

is specifisd, For most circuit calculaticrns the initial point is igno.-ed
since only AC variations about the initial point are of interest.

One can proceed immediately to define an analogousu o’ rp »
m

g% for the motor: &« - is defined as% with the speed hnld constant;

aT - .

1 t i -

rpm is defined as = with the control voitage held constant; g, 1is de
fined as‘%g with the torque held constant.

The vacuum tube may be represented by an equivalent circuit
in terms of its derivitive quantities. The equivalent circuit of tho
motor has as its description the same three aimensioned manifold as
that described the vacuum tube. The equivalent circuits are shown at
the bottom of the chart, Fig. MRI-126869. The vacuum tube may be con-
sidered either as a voltage generator in series with a resistance
(also r_ ) and a set of external terminals to which any load mmy be con-
nected.” No matter what type of load is connected (in actual practice,
the load must not be of such a nature so as to cause the tube to operate
where it is three dimensioned manifold becomes very non-linear or fails
to exist) 1t is but a simple matter to calculate both AC and DC per-
formance to the tube about some static quiescent point. Similarly, for
the two-phase motor, one may connect any external mechanical lcad in
terms of its proper electrical analogue. In this regard, it is interest-
ing to note that for the equivalent circuit deduced, electrical resistance
and viscous friction are analogous quantities since.

roo- 21 [ozIv]
P, 9V RPM < °

It is a simple matter to derive the electrical quantities an-
alogous to the mechanical quantities inertim, and elastance, In the
electrircal circuit:

vl

We have compared torque with vcltagse, speed to current, therefore:

ds
T = Ka{

-
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where K is ths quantity which, from the standpoint of the comparative
differential equations of the two systems, must be analogous to L.
In a mechanical system:

P

where J is the mament of inertia and mist be expressed in the proper
units to correspond to thoss of‘/lm, gmm, rpm. Therefore, by this
simple comparison, elsctrical inductance is analogous to inertia.
S8imilarly, elastance can be shown to be analogous to capacitance.

It is interesting to note that the quiescent point for the
metor, in contrast to the vacuum tube, is gero torque output at zero
speed with zero applied voltage. As a result, the values of speed and
torque calculated by the equivelent circuit are these which actually
obtain, whereas, to get the actual values for the vacuum tube, quiescent
values have to be subtracted. In this regard, one notes trat the motor
is really equivalent to a push-pull amplifier and the speed-torque curves
usged in the analogy are actually only one half of a family that must ex-
tend symmatrically in opposite directions about the zero speed, zero tor-
que point. This means only that the polarity of the equivalent speed or
torque gencrator must reverase sign as the phase of the control veltage
reverses,

IV Combination of Motor and Amplifier in Cascade

A. General Remarks

It is the purpose of this section to consider the effects of
cascading motor and amplifier, particularly in regard to system calcu-
lations and system performance.

In S8ection II, we considered a magnetic amplifier suitable
for the operation of two-phase sorvc motors in terms of performance
with & passive, purely resistive load. It now bscomes pertinent to
oconsider such an amplifier with the type of load presented by a two-
phase motor.

In S8ection JIII we presented the operating characteristics of
the two-phase servo motor when operated by sinusoidal driving volt-
ages in quadrature., However, the output of a magnetic amplifier is a
peculierly truncated sine wave contsinirg odd harmonics of the same
order of magnitude as the fundamental for certai. regicns of operation
(near zero cutput).

T —
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From *he standpoini. of bsth performance and calculations, it
would be desirabie il the cascading of the motcr and amplifier merely
multiplies their respective “ransfer characteristics obtainsed by operat-
ing the amplifier with the usual resistive loads and driving the motor
by sinusoidal vcltages in quadrature. This is to say that the amplifier's
operaticn is unchanged when an inductive, active load, is subatituted for
s resistive load and that the operation cf the motor is tha same for
sinusoidal or non-sinuscidal excitatioh., Experimental evidence has btsen
ottained which indicates that such conditions actually do obtain when
certain reasonadble stirulations are made.

A fow words are in order regarding the cemplexity of operation
of push-pull circuits. In the analysis o." the simpler and more conven-
tional magnetic amplifiar circuits, there are one or two magnetic cir-
cuits to be considured, whereas there are usually four megnetic circuits
in push-pull! magretic amplifiers. The simple circuits are usually ideal-
ized intn one of two cases, the so called "free rase" or the "restrained
case"; these considerations greatly simplify the analysis. In current
subtraction circuits, or voltage subtraction circuits with coupled loads,
that have been ccntrivived from simple basic circuits, the simple members
have as loads, active, reactive members consisting of circuits identical
to themselves. That is each simple amplifier element has another ampli-
fier element as part of 1ts load; a load which is not only active, ard
reactive, but also non-linear.

We will describe iu rather general terms, the eff'ects of cas-
oading the motor and amplifier in the case of ths push-pull circuits and
offer an explenation of why both motor and amplifier tend tc cpsrate 'n
cascade as they did separately under ideal test sonditions(i.e. resistive
load for the amplifier and sinusoidal operation excitation for the motor).

B. Excitation of the Motor With Trucated Sine Waves

The output from the push-pull magnetic amplifimr exciting the
motor will, in general, be highly non-sinsoidal, The servo motor load
is quite 'inear and does not saturate for rated applied voltages. The
non-sinsoidal _xcitation may be considered to consist of a fundamental
plus an array of harmonics; third, fifth, and so on.

It was desired to examine the motcr performance with non-sinu-
soidal excitation, as derived from a megnetic amplifier, as compared with
"pure”™ sine wave excitation. The pure sine wave, two-phase excitation was
obtained by the use of the Scott-T connection from the three phese mains.
The third harmonic contert was measured to bs about .1% with a harmonic
analyzer; highor order harmcnics were negligebie., Using this almost per-
fectly sinscidal excitation (the angle between the two phases was as close

.__—_
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to ninety degrees as could be ascertained with a lissajous pattern) cne
set of speed-torque curves shown previously in Fig. MRI-12664 and as the
dotted lines in Fig. MRI-12670 were obtained. Here, speed is plotted
varsus torque with the sine wave exciting voltape as a parameter.

Supperposed on the dotted curves. is a family of speed-torque
curves (solid lines) obtained by using magnetic amplifier excitation,
The parameter is the RMS amplitude of fundamental compenent (in this
case 60 cycles) of the distorted exciting voltage. It is to be noted
that these families of curves are almost identical, except near the
tero speed;, gzero torque region. The obvicus conclusion to be drawn
from such results is that the motor responds only to the 60 cycle com-
ponent of the exciting voltege appearing at 1ts terminals - if the re-
ference phase is excited with sinsoidal voltage.

As a further experimental check, an artifically derived ex--
citation voltage was obtained by superposing upon a variable 60 cycls
voltage a variable 130 cyclie voltage. With the 60 cycle component set
to gero, and with full voltage applied to the referesnce phase, no
starting torque appearad as a result of the applied 180 cycle voltage,
irrespoctive ol phete relaticnship to the reference voltage up to an
applied voltage of about 250 volts (maximum available). For sny other
magnitude of 60 cycle voltage, the motor delivered almost normal torque
and speed no matter what magnitude c¢f 180 cycle voltage was applied.

Since it is quite improbable that the third hermonic out-
put will even become as large as the tundamental, under magnetic am-
plifier excitation, one may say with complete assurance, that only the
60 cycle (fundamental) component need be considercd in predicting
motor performance. Thus, the most significant trensfer curve of the
magnetic amplifier for servo motor work, is a plot of the fundamental
component versus control current.

Several reaeons for the insensitivity of the motor to the
third harmonic of excitation voltage are as follows: to begin with,
servo motors as a class are specifically designed not tc develep tor-
que under single phase operation at any speed. For a complete discus-
sion if this, see Koopmen, (op. cit.). Part cf this characteristic is
due to the very high rotor resistance, whick, while primarily designed
to provide iinear sgsad torque characteristics, also destroys any single
phase characteristica the machine might have. It is wall to note that
with one phase open (and thus not acting as a damper winding) the machine
develops almost zerc stall torque, and a maximum torque of approximately
.09 ounce-inches at 1800 RPM. This is a minute fraction of normal torque,
Of course, the machine will uot run at all if (he second phase i3 short-
ed, so that if this phass <5 returned through a fairly lo« source imped-
ance, the machine develops no torque due to single phese ccmponents in
the excitation voltage.

"
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It is well known alec, that as a result of the very small physical cize

of these machines and the consequent limitaticns upon stator winding dis-
tribution, servo motors suffer a ioss of torque as a result of a larger
than normal, backward rotating field of third harmenic flux. This flux

is created bty space harmecnics and is present evor for perfectly sinusoid-
al excitation. It is quite possible that the loss ¢{ torque occasioned by
applied single phase third harmonic voltage.

The clear cut experimental results, coupled with qualitative ar-
guments are suffizient to enable one to say that only the fundamental com-
ponent of the excitation voltage, no matter how distorted the excitat:on
may be, need be considered in predicting motor performance.

14 is pertinent to consider at this time phase variations between
the fundamental component of the output of the magnetic amplifier aud ilue
magnetic amplifier supply vaitage. Under the usual scheme of operation,
two-phase voltaze for the motor will “e obtained from either & two phase
line (generated as such, or derivsd I{rom a three phase line) or from &
single phase line with the reference phase of the rachine eugrplied trhrough
a capacitor to provide, approxirmately, quadrature voltage,

In the case where there is a source of genersted quadreture volt-
age (two phase line), one phase of the machine is connected to one phase
of this line as reference and tre other phase of the machine is driven fioum
the second phase through the magnetic amplifier as a contrcl ' device. In
general, the fundamental ~omgcnent cof the magnetic emplifier output will not
be in phase with the sine wave voltage applied to the magnetic ampiifier,
and hence, nct in quadrature with the voltage applisd to the reference phase
of the motor. This is a very significant fact, since the outpuil of the two-
phase machine is a functiun of the phase augle tetween the applied voltages
as well as their amplitudes. Meserve and Steirhacker (see footnote No. 4)
have shown that for a fixed speed, and fixed smplitude ot applied voltages,
the output torque is given approxirately by:

T = K sirg

where ¢ is the angle between tre aprlied voltages and K is some proportion-
ality constant depending on the various circumstances of operation. Stated
another way, the toruue that the machine would deliver for quadrature volt-
age excitation, is muitiplied by the cosine of the eangle between the volt-
sge applied to the magnetic amplifier and the fundamental component of its
output, Experimental results indicate that any phase shifts that may
occur will probably by of no imporiance as regards system calculations,
since proper adjustment of the magnetic amplifier as ind.cated in Section
II will tsnd tc minimige the phase shifts wnich do occur. If the phase
shift should become large it would be necessary to take this in%tc account
in predicting system performance. Under such circumstances, the most
pertinent transfer curve describing the nagnetic amplifier

- ———
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would be cf the fundamental component of the output, multiplied bty the
cosine of the angle between it and the sine wave input to the magnetic
ampli{ier, or the sine of the angle between it and the voltage of the
reference phase of the motor, as & function of control current.

Such plots for push-pull current subiraction doublers, volt-
age subtraction doublers, or for that mattar any type of amplifiar
producing output waveshapes of the type shown in Fig., MRI-12655, will
nct be significantly differeant from plots of only fundamental com-
ponent versus control current for the reason that the phase does not
change much until the zero output voltage point, whereupon it under-
goes a 180 degree phase shift. Thie can be readily seen from the os-
cillographs in Fig, MRI-12671. If the bias is adjusted in the magnetic
amplifier 2o that equal truncations are obtained on each side of the
wave, the fundamental component of the output will always by in phase
with the input and go through a 180 degree phase shift as the control
current reverses. The only factor which may prevent operaticn in
this manner is the possibility of excess circulating currents in the
case of curreut subtraction circuits., (For voltage subtraction cir-
cuits, with completely split loads, there is no problem of this sort).
In such case, it may not be posusible to allow equal truncations and a
certein phase shift of the fundsmental component results. For the
circuit used by the author, under resistive load, for greatest possible
symmetry of truncation consistent with maximum allowable circulating
current, the phase shift aprroached 45 degrees (cosine = ,707) at
10% of the maximum output voltage. There is no reason to suppose
that similar figures would not result for typical magnetic amplifier
operation,

It will be recognized, that it is the phernomonon of trun-
cation of both sides of the half sine waves that keeps the phase shift
of the fundamental component low. For single ended stages with trun-
cation on only side, and ignoring magnetizing current, the phase shift
of the fundamental would approach ninety degrees, at zaro output volt-
age. Figures MRI-12672 through MRI-1267Za shcw the phase shift of the
fundamental vs, control current for various values of bias und hence
for various values of circulating current. Fig. MRI-12672 shows the
charactaristics for a doubler-type curcuit with & bias which allows a
maximum circulating current of 500 milliamperes, (the maximum full-load
current.) Here is shown the transfer curve of fundamental output voltage
versus control current and the phase shift of the fundamental ocomponent
with the quadrature voltage shown as reference. +Ihe phase of the funda-
mental of the output approaches to within 35 degrees of the phase of the
quadrature voltage, hence it departs about §5 dezrees from the phass of
the suvoply vcltage of the magnetic amplifiser. That it does nc* shift 90
degrees is due to a smail residual magnetiging current in phase withk i .¢
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subply voltage which finally gets to bs the same order of magnitude as
the cutput - near the minimum output poiri, Fig. MRI-12673 snows the
push-pull characteristic for ~he same amount of biar, Notice that the
sine nf the angle between the quadrature voltage and the 60 cycle out-
put voltage dcesn't depart appreciably from unity, until very low out-
put voltages are reached.

Fig. MRI-12874 shows the push-pull characteristics ior a re-.
duced bias current allowing a maximum circuliating current of one ampers
(about twice that allowable for the cores used). It will be noticed,
that due to the increesed symmetry of truncation, the phase shift at the
fundamental is less, for the corresponding output voltage than in the
previous case, The same remarks apply to Fig. MRI=-12675 except ‘hat
here the bius was adjusted to provide almost perfect symnmetry of trun-
cation with the 1result that there is negligible phase shif't through the
amplifier., Such an adjustment allows a maxirum circulating current o”
abcut three times that allowable, so that the amplifier could never be
operated under such conditions.

For the case where the motor is operated from a single phase
line and the reference phase is driven through a capacitor, all cf the
above remarks apply except that additiunal prase shifts may occur in
the reference circuit as a result of impedance variations occurring as
the motor operation varies. Such phase angle changes are alwayr slight
(See Appendix IV) and when the cosine is considered can be neglected.

Co Amnlifler Operation With Active, Reactive Loaas

All ol the preceding remarks concerning phase shift of the
fundamental componeat have been made regarding circu..s producing
doubly truncated waves when working into purely passive, resistive
loads, Refernece to Appendix IV shows that the motor is not at ali
a resistive load, and dues to its back emf, is not a passive load,

But it is interesting to ncte, that while the waveshapes at the output
terminals of the magnetic an;iifier are diffaerent for motor loading

than for rssistive loading, the transfer -urves of fundamental cut-

put voltage versus control current are practically unchanged. The
significance of such a phenomonen is that the amplifier performance

may be determined on a basis of resistance loading and applied to motor
loading. The author regrets that he is not able to justify these ex-
perimental results analytically and caution is urged in applying them,
without verification to circuitsz other than current subtraction doublers,

Fig. MR1-12676a shows the type of wave shapes that are Lc be
expacted from a single doubler and a currert subtraction coub er push-
pull circuit under resistance load. Fig. MRI-12676b shows the voltage

-t
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across a highly inductive (but passive) load when only ore of the doub-
lers is connacted it is significant that this wa /e shape is ervactiy the
same as that prcduced by the inverse parallel thytatron circuit with
inductive lbading. To obtain an inverse parallel thryatron circuit
from a doubler, it is only necessary to ieplace each core and its asso-
ciated rectifier by a thyratron). Notice that exactly the same situa-
tion occurs in the doubler with inductive loading, as does in the in-
verse parallel thyratron circuit with such a load. That is, the meg-
netic amplifiers "fires" at some point in the cycle, applying trunca-
ted voltage to the load. But becauss of the load's inductive character,
the load current builds up from zero comparatively slowly, remcuing a
maximum near the end of the half cycle of supply voltage. Because the
current may not ceass abruptly in tha inductive load, & negative inte-
gral of voltage across the magnetic amplifisi core sufficient to unsat-
urate the amplifier is prevented until the current in th:» load diminish-
es to gzero. Hence, the hang-on of current duriag *the ensuing negative
half cycle and the unusual fragment of the next half cycle applied to
the load results., When the circuit is made into a push-pull amplifier
by connecting another doubler, the operation is almost exactly the same,
except that sometime in the half cycle after the first doubler saturates,
the second doubler saturates and reduces the load voltage to zero. This
hastens the extinction of the load current, but if the second firing 1is
comparatively late in the cycle, the fragzent cf the next cycle that
appeared across the load for a single doubler, can ulso appear for the
push-pull doubler. This can be seen in the oscillographs in Fig. MRI-
12676b.

Knowing now, at least qualitatively, the reason for tns change
of wave shape when resistive loads are replaced by inductive loads, we
are in a position to offer a qualitative argument for the load voltage
versus control current transfer curves being approximately the same for
resistive as well as inductive loads. Considering the fundamental com-
penent of load vcltage only, the inductive hang-on, while adding to this
component during the beginning of each cycle, also prevents the normal
firing until after the current diminishes to zero. In every case, such
a hang-on delays the normal firing of the cycle. The tendency is to
keep the fundamentul component approximately constant. The phase ot the
fundamentel componentof such a wave 1s more nearly in phase with the volt-
age applied to the magnetic amplifier than in the case of the normal wave-
shapes with resistive loads. Thiz can be seen to result {rcm the fact
that tie half cycles are more symmetrical about the 90 degrsas and 270
degree pointsy thus inductive loads tend to bring the fundamental com-
ponent of the output more nearly in phase with that applied supply
voltage than do resistive loads,

Surmerizing the case tcr inductive loads, we may nay that the
transfer curves of fundamental component of output voltage varsus con-
trol current are spproximately the same for inductive loads as resistive
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loads and there is a tendency for the fundamantal componert to be more
in phase with the supply voltage for the inductive case than for the
resistive case, The inference from such a statement is obvious: the
transfer curve of the magnetic amplifier is not appreciably affected by
the power factor of ths load.

We may now pass on to the active character of servo mctor
loads. This turns out to be a farily easy prvblem btecause the motor
is only milcly active. S8tated hetter, perhaps, its internal genera-
tor produces a small voitage in series with a large impedance., It is
always 180 degreses out of phase with the voitage applied tc ths mag-
netic amplifier, During the time wihen the amplifier is not saturated,
the impedance looking into it is quive high and a fairly large back
em{ may appear across the motor terminals. References tc Appendix IV
will show that this tack exf is a marimum at synchronous speed and
decreases to zero at zerc speed. The characteristic of this gensrator
Voltage (i.e. voltage and impedarce ver~sus motor speed) 1s shown in Fig.
MRI-12677. (This was obtained by driving the motor externally with only
ona nhasa connected to thc lirne,)

When speed-torque curves are presented for a machire, it is
impiicitly assumed tnat this internal generator with its high internal
impedance, is shortened cut by the external scurce; that the voltege
across the terminals is fixed externally. Of course, the impedance of
the magnetic esmplifier as a source of fundamental voltage is also quite
low compered to the generztc:r impedance asesociated with the back emf,
Therefore, although during part of the cyecla, a fairiy large back emf
may appear across tho motor terminals, the fundamental component to
which the motor responds is fixed by the magnetic amplifier,

The effect of the back emf is to change the effective volt-
age applied to the magnetic amplifier during the unsaturated time,
The amount of this sffect will depend uporn the relative unsaturated
impedance c¢f the amplifier and the generator ompedance of the back emf,
It is to be prezumed, however, that at low speeds, the effect of the
back smf will be quite small in producing significent varietions in the
transfer cirve of the magnetic amplifier,

Vo A Summary of Significant Factors which Simplily the Design of Magnetic

s — -

Anplilier Servc Systems

”

(1) The servo motor responds only to the fundemental component
of the appiied voltage multiplied by the sine of the phase angle between

it and the reference voitage. For most casea, when the amplifier is bias-

ed so that the maximum circulating current is egual to the maxirum load
current, the sine of this angle is approximately equal to one over the
useful range of magnetic amplifier output.

@ P e —
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(2) the output voltage versis control current characteristics
for the magnetic amplifiar, contrived from current subtracting dcublers,
is approximately unchanged when resistive lcads ave repiaced by irductive
loads even though the outpul waveshapes may be quite different. The
effect of the inductive load is to bring the sine term in (1) closer *o
unity.

(3) Since the motor input impedance is quite constant in mag-
nitude and since its active character is, for the most part, negiigeble,
the megnetic amplifier trausfer curves need only be obtained for ths
proper constant magnitude-impedance. Thus the voltage acrogs the motor
becomes a function o¢nly of the control current in the magnetic amplifier.

(4) The overall transfer characteristic of the motor and ampli-
fier is thus given bty the simplie product of the amplifier transfer as
obtained nv sinusoidal excitaticn. (Amplifier transfer is two dimensioned
because of{ the constant impedance load; the trunsfer of the motor is three
dimensioned eand can be treated by the equivalent circuit technigus pre-
viously demonstrated). For instance, at a constant speed the motor trans-
fer characteristic at locked rotor for sinusoidal gqyadrature excitation
is approximatsly .0028 cunce-inches per volt. In the linear range of the
magnetic amplifier, its trensfer charucteristi:z for resistivs load is
approximately 10,2 volts per milliampere of controlled current. (Cores
of set number 2, V. = 50 volts, bias = 35 milliamperes, maximum load
current eguals mnxgﬁum allowabl: current equals 500 millisampers). The
overall product is .0285 ounce-inches per milliampere. The actual over-
all characteristic cf the amplifier dringing the motor is measured to
be approximately .,0255 ounce inches per milliampere.

(5) For mechanical transient conditions slow compared to elec-
trical _ransients within the motor, the motor equivalent circuits may
be -readily applied to the dynamic case.
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Description or the Magnetic Corcs uscd in this Investigation

Two sets of four matched cores have been used in this investi-
gation. 2uth sets have toroidally wound magnetic cores using Hipernik V,
0.002 in, tape. These cores were hand made by the Westingnouse Corpora-
tion and are matched to a tolerance not usually found in typical commercial
equipment. This factor simplifies experimental results, because it elim-
inates certain extranaous discrepancies frsic test data. Set 1, the set
of larger dimensioned cores, are capable cf delivering in the push-pull

connection, about 35 volt-amperes,

The maximw motor load is about 7.5

volt-amperes. It is presumed that conservative design #ill rssult in

internal source impedances considerablv lower than the motor load impedance.

In this regard, the results obtained sith cores of set 1 are probably
quite typical of that to be sexpected.

Tests were made with a smaller set of cores, set 2, which in the
push-pull connection are capable nf delivery only nine volt-amperes, or

atout the same as the maximum load,

The results obtained using these cores

(as regards comparative wave-shape ecross the motor, and inductive loads)
are almost tha same as the results obta‘ned using the lerger cores. This
is to be expected since both corss provide an internal source impedance
that is quite small compared to the motor impedance.

Set 1

Wirdings Used -

Set 2

Core Dimonsions -

Windings Used -

Core Dimensions - Qutside Diameter

Insids "
Strip Width
Strip Thickness
Effective Area

Control Windings
Loacd "
Bias "

Inside Diameter
Outside "
Strip Width
Strip Thickness
Effective Area

Control Windings
Load "
Bias "

3"
2"
2"
0.002"
0.8 square inches

50 turms
300 turns

AN 2 -
E AV AERVIVY & 8% )

2"
21/2"
ln
0.002"
O.€ squers inches

100 turns
8C0 turns
40 turns

et - — —




R-276-52, PIB-215 A2

The motor used in this investigation has been diacussed in
detatl in Sections IIT and IV. The physical dimensions are to be
found in Fig. MRI-12661.

-t — - —
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Appendix II

Oscillographic Method of Obtaining Magnetic Amplifier -TRANSFER CURVES

In order to simplify the obtaining of magnetic amplifier trans-
fsr curves an oscillograpnic technique was used that enabled the display
of transfer curves on a long persistent oscillographic screen. Pholo-
graphs of these displays constitute Figures MRI-12658a thru MnI-12658e.
These are characteristics of current subtraction push-pull doublers. The
displays show DC componont of output voltage as a function of control
current, They were obtminsd by rectifying and filtering the output of
the magnetic amplifier to yield the DC output voltage, and by ths use of
a series of resistor in the control current circuit, alsc filtered, to
yield a gquantity proportioned to the control current, The control
current was varied by a motor dirven potentiometer which required 28
seconds to cover the range of control current from 10 milliamperes to
=10 milliamperes about zero current. As a result of this rather long
time, there is no error introduced by the time cunstant of the amplifier
response., In addition, the filters are sufficiently fast to clearly
show hysteresis jumps.

The push-pull curves so obtained do not,however, cross the ab-
scissa due to the manner of deriving the DC component of the output volt-
age, therefore a slightly different, but easily made interpretation, must
be used by the observer. The push-pull curves obtained and presented in
Figures MRI-12658a thru MRI-12658e are, for each bias setting a curve
above the abscissa and one below. The curve above w¥as obtained with
control proceeding from left-to-right. This was done to bring out ths
possibility of double valuedness of the output voltage as a function of
control current, This can occur, can be seen by Figures MRI-12658d and
MRI-12658e, where the bias was sufficiently large to prevent overlap of
the individual transfer curves. Such a phenomenon does not occur in
Figures MRI-12658a, 12658b and 12658c where & more moderate bias was ussd,

- —

e

=




R-276.02, PIB-21E A4

AEEcndix III

Measuremsnt of S8peed-Torgus Curves

The :easuremsnt of the speed-torque characteristics of servo
motors is usually a somewhat difficult task. For instance, the machine

used in this investigaticn, a typical servo motor, is capable cf del- o

ivering a maximum power only four watts at its shaft (1/200 Horsepower).
Maximum output torque of such machinss is in the corder cf a few cunce-
inches., If the machine is required to drive a tachometer, there is the
possibility that a large fraction of the very meager output torque may
be used in driving the tachometer, particularly at higher speeds. Al-
ternately stroboscopic measuroments may te used, but these are tedious,
lengtnly and complicated by the difficulties of detecting rotating speed
by the apparent cessation of motion as well as related problems of mul-
tiple and sub-multivle symchroniczation.

At the beginning ot this investigatio., it was anticipated that
numerous speed wmsasurementes would be required; tc facilitate these meus-
urements, a device was constructed which measures the speed of a rotating
shaft, yielding the speed continuously in the manner of a tachometer, yet
presenting negligible load even to a 1/200 Horsepower motor. The opera-
tion of this non-lcading tachometer is as follows:

A three inch diamerer aluminum disk weighting about 1/4 of en
ounce is attached to the motor shaft. This shaft has a series of small
holes near its periphery, and is interposed between a lamp and a photo-
cell. As the shaft rotates, the lamp shining through the holes, pro-
ducses periodic bursts of illumination on the photocell. The frequency
of these burst: is a direct measure of the speed of rotation,

The bursts of light ure converted by the photocell into electric
pulses, which after suitabie shaping and limitirg, are used to trigger
a thyratron ir parallel with a charginh condenser. A d'Arsonval meter
is placed in the plate circuit of +he thyratron. The calibration of the
instrument is a fairly straight line on a logarithmic plot except for
very low speeds.

The tachometer may also be used to dJdetermine dynamic accelera-
tiors. If a probe is placed at the grid of the thyration to intercept
the triggering pulses, the change of spacing between pulses displayed
on & linear time base, gives instantensous acceleration. A quantitative
measurement can be made as follows.

PR L
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The phsnomenon initiating the acceleration may be used to
trigger a slow driven sweer of an oscillioscope (ZlJumont =ype 304, for
instance). If the resulting sweep is photograpned, or displayed on &
long persistance screen, a quantitative calculation may be easily per-
formed if the speed of the sweep is known., If this is not known,a
suitable marker may be added to the sweep, cr a second sweep may be used.

Torque

Torque measurement can also present some probiems. The tech-
nique usad in this investigation is as followe:

The torque was measured at a 1/4 inch diameter shaft =hiih was
made as a part of the holed spesd measuring disk. The mavimum torqus of
the machine was (at stall) about two ounce-inches for 65 volts appliad
to each phass, This meant an actual pull on the string of about eighti
ounces, or a half pound.

Uzual prony brake procedure dictates the use of two scales with
net torque being given by the differerce in the readings, since the braks
band tension does not constitute torque ouiput. To simplify measurements,
and because the nieaszurement could be accumpi‘shed with ordinary sewing -
machine thread on the loading shaft, the need for the second scale was ob-
viated by merely wrapping the thread around the shaft several times with
the free end of the thread left free. Since the teneion in the s%ging
whare it leaves the shaft for the scale is proportioned to the & €=-2.118)
power of the angle of wrap times the tension in the free end of the atring,
only a few turns are necessary to load the motor. As a result, the dif-
fersnce betwesn the tension at the start ¢” the wrap and the finish of the
wrap wa3 almost identical to the =xcale resdingy consequsntly only one read-
1ug was necessary and it was possible to cbtain finger tip control of the
speed,
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Appendix IV

The Calculation of the Complete Femily of Speed-Torque Curves For a
Typical Jervo Moter (Diehl FrE 25-11)

Referring to Ssction IV, the FPE 25-11, as a typical servo
motor, has (a) the turns ratio between the windings equal to unity.
;horefere, the simplied equations (3), (4), (14), (15), for 29 ;Y.

and zZ,, and (1€) for torque apply. The parameters of the pachine,
a5 found according to the methods of chapter IV are as follows (assum-
ing the usuel egquivalent diagram for the balanced machine as shown in

Fig. MRI-12666D):

r, = 260 SL
- ! =m ¢
x) = X, 50 ST
x = 980 JIL
™
rm = 0
ré = 720 SL

The procedure is as follows:

(1) calculate Res Rys Xoo X, for slip equal to 1, 3/¢, 1/2, 1/4 acccrd-
ing to squations (3], (£) f14) and (15). .

(2) Using these values, in aquations (11), (12) calculats I, and I, for
fixec voltage V. of 65 volta and a variable voltage V, varisd in tgo steps
6, 15, 2%, 35, &5, 55 and 65 volta, at several values of fixed slip.

~ e

(3) Using these values of current, calculate the corresponding values
of toique,

(4) Plot the results.

(1) Calculating Res By, Xe and X, .

Samples calculation: let s = 1/2.

’

2
8
(ii;gir + k2
2 'EE:F: 2

Rpo=1
f ¥

-
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1 1440

R > = 221, ohms
f Z <E§§gjz v 1.0512

2
O 1.051(50) = 332. ohms
3 Z

430

l
Rb = 2 = 1739, ohms
(%ggiz + 1,051

480 2
xb ) % + 1.051(50) - 108. ohms

1,342

from which 21. Z,, 2, and iq can be found.

2, - (rl + Rg + Ry) * J(Xy#Xg#X,) = Z,=660+ 3490

ié = (XgXy) = J(Rp=Ry) = 224 - J42 =2,

(2) Calculation of motor currents:

for V, = V2 »~ 85 wolts,

I. = 65(660+ j490) - JjR5(224-342)
1 ‘\_"‘-

firacat

e —— <% S

e
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o
I, = 0.064 Z~45.2 arps.
. )
I2 = JI) - 0.064 Z’44'8 amps,

The actual measursed results yield (See Section IV) I, = 0.066
l.:&ﬁ.ﬂi. This high degree of correlation follows in all the curren*
calculations., Fig. MRI-12678 shows the plct of I1 and Iz, predicted
and measured for slip = 1/2, as a function of V,.

After carrying theough similar calculations for V, = 65 volts
end V2 = 45, 75, 25, 15, 5 volts, the results may be tabulated as follows:

Va vy L I

65 65 0,064 /44,8 0.064 /-45.,2
55 66 0.053 /42.8 0.066 /-42.8
45 85 0.041 /36.8_ 0.068 /-41.3
35 65 0.030 /27.8 0.071 /-41.1
25 65 0.021 /11.2 0.073 /-37.1
15 65 0.015 /-22.9 0.075 /-35.1
5 65 C.018/-65.8 | 0.077 /-31,3 |

The plot of this data, ccmpared to the measured data is

It is to be observed that I., changes only slightly whereas
I, changes markedly, perticularly as regards its angle. Where tne angle
vl I, lage behind V, more than 90°, (where the marnitude of the angle
of I, is negative in tiis above table), that winding becomes a generator
and part of the power put in the reference winding ie delivered at its
torminals, If V, is decressed still further, the machine develops no
output torque ang, of course, will not run at slip = 1/2. To be sure,
undsr thaese conditions the machine beccmes a btrake. '

(3) Calculation of Torque

Using the values of I, and I, tor ths various voltages, v, at
this fixed slip of 1/2, using equetion®13, it is new poesible to counipute

the torque.

—
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136 },.2 .2 - oo
T - n, [i11412) (Rr-nb) + 2IllzsineQ(Kf¢ﬂb)]

A werd of cauticu is on order regarding the sine term. It
@11l te recalled that & was defined as {I,-9,), where &, is the phase
angls between V. and I,. For the tabulated currenis, it will be noticed
that the sign o} the a}ns term is positive except for very low values
of V,. This is physically correcty the two torque terms rmust add for
balanced voltage, they subtract only for large unbalances when the argu-
ment of the sine term becomes a negative angle. It is to be noted that
haud ihe voitage V. been assumed tn lead V, instead of lag it, the sign
of the sine term would have been negative; this, of course, is not cor-
rect, and will not yield the proper family of speed-torque curves, al-
though ihe cnly physicaul difference, as regards the motor operation,
bstwesn the +wo cases, would be a reversal in direction of rotation.

For Vlyz = 65 volts.

T = ég.g.ﬁ [(0.064200.0642)(221-1'?3)02(.064)(.064)zin 90°(22.»1179)]

T = 1.36 oz.~in.
Vé 4+ 1531 45 35 25 15 o
T [ 1.36 1,13 0.922 C.580 0.443 0,102 -0,123

following tables of motor operation

If these calculations are performed at S = 1/4, 3/4 and 1, the
may be prepared.

or slip = 1 and Vi = 65 volts.

v, T I, () I, (MA)
65 2.18 83,8 [-28,7 | 63.8 /61.3
55 1.86 70.9 /61,3
45 1.52 58.0 /61,3
35 1.18 45.2 [61.3
25 .843 32.2 [61.3
15 .506 19.3 /61.3
5 .169 N 6.45 [61.3

e+ — T ——— —
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For slip = 3/4 and V, = 65 volts.,
v, I, . I,
re —
/S 1.84 0.0725/-3%35 | 0.0725[52,5
55 i.00 0.0736/-36,6 | 0.0602 [57.4
45 1.27 0.0752 [~35.8 | 0.0477/49.5
35 0.968 | 0,0764 £34.8 | 0.0354/4C.8
25 Ue657 | 0.,0778/-34.6 | 0.0234/40.7
15 0.345 | 0.0795/-33,3 | 0.0118/22.5
5 0.120 | 0.0795 /33.3 | 0.0134/-30.8
For slip = 1/4 and Vv, = 65 volts,
v, T T, T,
65 .825 .0612/=59,1 .0612 L:so.g
55 .690 0628 /-54.9 .0500 {25.6
45 .529 0652 £51.1 .0398 (17,8
35 .369 0678 [-47.1 .0250/10,2
25 .168 .0705 [-44.2 .0245 /-16,4
15 -.057 ,0732 /-41.1 0231 £45.3
5 - .0764 /-36,6 .02786 (-70.9
-
[ ] [
S Re Rp X¢ 2.SY 2 Zq
1 210 210 161 161 680+ j372 0
.76 233 191 241 135 69C+ j426 106-j42
o5 221 171 332 108 660+ j490 224-342
25 147 161 437 38,5 568+ 357¢€ 326-314

It will be noted that at speeds for slip = 1/2 or greater,
tne calculated values ars abor t 20% high.
be made as outlined in ths section on the detsrmination of parameters,
the entire family can be multiplied by & correcting factor and so be

made to yisld even clcser results,

If a torque measurement can

nesded, only one torque measurement need be performed.

— — & — S —

e

Since only one ccrrecting factor is
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(a)
Bias = 23C mnillismpere-
turns

(v)
Bias = 280 miiliampere-
C.rns

(o)
Biag = 320 milliempere-
turns

(d)
Bias = 360 milliampe:o-
turns

(o) = 400 milliamperc-
turns

Oscillographic transfer curves of the push-pull current subtraction
doubler circuit showing the relative position of the individual
doubler transfer characteristice before making the push-pull soa-
neotion, as well as the actuel push-pull transfer charscteristios.
Curves obtainad with the cores ol set MNo. 1; tctal AC supply = 70
volts; maximun load voltage = 25 volts; maximum load current = 440

=2)2iamperes.

The ordinatss are at 50 milliamperes control current

(260 milliampere-turns). Bias for each set of curves, as noted

above .
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Yote Phasc Raversal
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of outpui voltage waveshapes fram full output
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Outout Voltage

Output Voltegs

Output Current
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) Pusn=Pull Doublers \

waveshapes of Output Voltage and Current +With |
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