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ABSTRACT
A servemechanism has been designed and built which
balsmces a bresm. This thesis presents the analytic tech-
niques used tes determine fhe cempensation needed te main-
tain a breem irn an inverted pesition. The construction
of the components used to ré&lize the indicated compen-

satien is alse described.




I. INTRODUCTION

The problem of étlbilization of a set of fixed ele-
ments which are dynsmically unstable is an inherently
interesting ene to the servo designer. This conditiep
is not cemmonly met with in practice, Usually any insta-
bilities in the feedback centrol system are a dirsct con-
sequence of feedback. This type of instability can of-
ten be eliminated by reducing leop gain if the resultlng
decrease in performance can be toleratad.

An excellent example of an inherently unstable da-~
vice is the inverted pendulum er broom., This system has
a transfer function with a pair of poles en the positive
and negative real axis., If a servomechanism is used to
maintain a broem in an inverted position, any closed loop
instabilities cannet be correctad simﬁly by reducing loop
ga&in esince, if the gain is decreased below a certain lim-
it, the breem falls ever,

A device has been designed and censtructed which ac-
cemplishes the task of maintaining a breem in a vertical
Position when constrained to fall in one plene only, This
contrel mechanism is currently in operation and has been
demenstrated at tﬁe Tecent M.I,T, Parents! Weekend, It is
capable of sustained operation for long periods of time,
It generally functions correctly until someone (usually
the designer) attempts to demonstrate the ability of the
mechanisz to correct for large disturbances and pushes

the breom toe far offr its null position,




In its present version, therelseeml to be little
practical application for a device of this type. Heowever,
the equations apply almost directly to a rocket at take-
off. The recket at low aspeeds behnvei exactly like an
iaverted pendulum,

The basic method of stabilization outlined here should
have medifications which apply to a wide variety of control
systems in which fixed elements have one or more poles in

the right-half plane,

II. PRELIMINARY INVESTIGATION OF STABILITY

Figure 2.1 shows the idealized physical situation
from which the equationa of motion of the breom can be
determined. The broom is assumed to be pivoted at the
baze on frictionless besrings, such that it can fall sn-
1y in the plame of the paper. The supporfing rod is as-
suned te be masaless and inflexible, Xl is the variable
which can be contrelled to maintain stability. The enly
infermation available is the nagﬁitude of the angle o.

Summing ferces at the breom head,

Force = iiz = Mg sin @ - Bi2 (2.1)
8in 6 6 = X, - X, (2.2)
———

From this point on in the preliminary apalysis, the
damping, B, will be assumed to be zero. Later.in the de-
velespment it will be included primarily as a methoed of
limiting the maximum required values of X, and ¥;. 1ts
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inclusion does not seriocusly alter the :ﬁnbility consid-
erations and thus for the present it can be ignored with-
out drastically changing the form of compensatisn necessary
for stabildity,

The equations of motion can be used to form the bleck
diagram shown in Figure 2.2, G,(8) is the compensation
required to yield a stabilizing Xl a5 a function of 6.

Te eliminate the neceassity of handling a multiloop
system, the compensation loop is opened at the indicated
peint and the loop containing the broom dynamics ias col-
lapsed. The broom loop can be replaced by a block having

the transfer function

1/L sg/gr o, &=(L/5)H (2.2)

1 - g/s°L (as+1)(as-1)

AS an attempt at stabilization, let Gc(s) = K/se.
This preduces ar open-loop transfer function

X 1 o (2.4)
& (as+1){as-1)

The corresponding closed~loop transfer function is

K 1

g (as+L)las-1) = K . K

1+ K 1 g{as+]l )(as-1) + K ga252 -~ g + K
g Cas+1)(as=1) ‘

(Je9)

From Routh's stability criterion we notice that this form
of compensation has removed the pole from the right-half
plane previding K >g, but has left a fair of polea on the
imaginary axis, Notice that the term 1/52 must be a true

double integration rather than of the form ﬁv(bn+l)n.
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If we azsume l/l2 to be approximated by ﬁ?(bs+1)2, the
resulting open-loop transfer function is

2.2
K 85D
- — N 2.
g (ls+l)(15_l)(bs+l)2 ( 6)

The corresponding characteristic equation of the closed-

loop msystem ia

g(as+1)(ns-l)(ba+l)2 + KBs® =
g((12b234+212b33+(ng—ba)na—absul)) + Kégez 0
(2.7)
We notice that there is no way to eliminate the negative

coafficient of sl and so

in this equation, Thus at least
sne pole remains in the right-half plane., A similar re-
sult is obtained if an approximation to 1/s° is made by
b/a(b§+l). |

It is cencluded that, if dampiﬁg in the broom is ne-
glected,_at least a true double integration is necessary,
The enly practical way to ebtain this seems to be the use .
of electro-mechanical integrators such as motor-tach
units, It is assumed that suchk integrators will have some
lag associsted with them, Therefore, a reasonable expres-
gion for the double integration would be 1/52(c5+l)2.

Te offset the lag associated with the integrators,
and to eliminate the oscillation wﬁich would be present
it Gc(s) were K/se, 8 lead network is employed. The re-
sultant Gc(s) is of the form

K 1 (Ads+1) , k.1 (2.8)

32 (ca+1)2 (ds+1)




When the dynamics of the broom are included, the overall

open-loop transfer expression becomes:

1 1 Ads+]
2.
(as+1)(as-1) (cs+1)2— ds+1 (2.9)

K
g

The term 1/(as+1)(as-1) is a non-minimum phase expression,
It has magnitude charactefisticn that are the same as the
magnitude of l/(as+l)2 but has a phase shift of -130° at
all frequencies,

| A Nyquist plot ef Equation (2.9) is shown in Figure
2.2, It i® assumed ip this plot that the integrator time
constants, ¢, can be made shorter than @& by proper choice
of integrators and the length of tre broom. It is also
assumed that «and d can be found such that over some
range of fregquencies the net Phase of the exprescion is
greater than -180°,

We see from the Nyquist plot that stability can be
attained., From the plot, there is -1 nef encirclement of
the -g/K point. Since there is one open-loop pole in
the right-half plane the system is stable, The diagram
further shows that it is possible to use a Bode plot for
the determinstion of gain and time constants of the lead
network provxdlng the D.C. zain of the expression is

made greater than o dg.
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III. DESCRIPTION QF COKPONENTS

Once the basic type of compensation necessary to
stabilize a broom was determined, the individual compon-
ents of the loop were assembled, ~the data obtained from
measurements on these elements enabled selection of the
final cempensation,

The platform used for movement of the handle 5f the
breom was originally a Z(X,Y) cenerator constructed by
the M.I.T, Dynamic Analysis And‘Control Laboratory. It
permits movement of a small output fixture along two per-
pendicular sxes. The drive is from two-phase servomotors
via gearpasses, pulleys, and steel belts. At the start
of the work, it was intended to give ﬁhe broom freedom
to fall in any direction, This would have made use of
both axes of the Z(X,Y) generator. Howefer, construction
of the second axis was not carried out due to lack of
time, Accordingly, eonly the x axis of the generator is
being used. The only work done en the generator was mech-
anical maintenacce and modification of the ipput adapter
on the x axis to accept a new servomotor. The generator
bhad been out of use for a long period of time prior to
the start of this preject and some of the compounents were
'badly‘rusted. Various adjustments such as gearpass. back-
lask and belt tension were incorrect. When these condi-
tiens were corrected, the table functioned excellently.
The x axis was originally driven by a Bendix servomotor.

A Diehl unit of higher output power was substituted to
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permit higher ;cceleration. The maximum travel in the
X direction en the table is .55 meters. The gear ratie
is such as to limit the maximum slewing speed teo abeut
.45 meters/second.

The "breom" was censtructed as follews. A piece of
steel conduit 1.55 meters long was cut., A mass was con-
nected to one end, A kele was drilled through the other
end te accept a shaft. The shaft is held in place with
gears pinned to the shaft and bolted to the conduit.

The ends ef the shaft are supported on ball bearings.
This arrangement insures that the broom falls in oﬁe plane
only, Since the conduit is not massless, the effective
length and mass of the bYroom were determined by measure-
ment, A natural frequency of 2.05 rad:ans/second was ob-
served. Thia cerresponds to an effective length of 1.4
meters, The mass was measured as 1.6 kilograms. The an-
gle between the broom and vertical is measured by a Clif-
t;n Preéision Preducts type CT-1l1-B-Z synchre. This is
driven frem the shaft at the base of the broom through

& Bseven:one stepup gearpass, An attempt to reduce back-
lash in this drive was made by employing a rubber band

te keep the small gear always wound up against the large
gear in the same direction, Figure 3,1 shows the con-
struction of the support and syanchro assembly,

The synchro is intended for eperation at 400 cps
with 26 volts on the rotor. Fof system considerations

it is necessary to operate the synchro at 60 cps., To ac-—



AT WIS O HINAS ONy

f/.//w.moa%m vioowg  I'E Fyn 9l o

MT3AVY_L
140 NOILOENIQ

4
L ;
S3ICNYH Wocyel

e



complisk this, the rotor voltage was decreased to 6.5
velts which is obtained from the line througzh a Variac
driving an 8 velt transformer. The maximum output of the
synchro is 2.% volts rms. Thus, with the gearpass, the
sensitivity is 16 volts/radian for regions where the small
angle approximation is.valid (2°-2° at the broom).

D.C. power for the electronics in the system is ob-
taiped from two regulated power supplies, one delivering
300 volts at 250 ma. , the other 750 volts at 250 ma.

30 volts D,C., is obtained from batteries for fixed bias
on the output smplifier and as a supply for a transistor
amplifier serving as an active compensation network.,

The first integratgr (Figure 2,2) consists of a 5
watt Diehl servomotor driving a 20K pot through a 10:1
gear reductien., Tachometric feedback is apglied around
the motor to impreve the frequency response of the inte-
gratesr, The fixed phase of the motor is connectéd to the
line: ppase shift for the control signal is obtained by
the network shown as part of Figure 3,1. This network
provides msre than 90% of lag at 60 cps. -However, the
voltage at the centrol terminals of the motor is only
about 80° lagging with respect to the line, indicating
some positive phase shift through the amplifier. The aump-
lifier is a 15 watt serve amplifier obtained from the
instrument reom in the Electrenic Systems Laboratory,

Tbe gain from the tachometer output to the control wind-

ing of the motor is aet at 15.
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From Qeasurements.made on the first integrator, the
gain with 90 volts across the pot is 140 volts/second D.C.
output per volt rme in. The log magnitude plot falls at
10 dg/decade until 50 radians/second where the slope be-
comes ~-20 dg/decade. The transfer function for the first
integrater is then 140/8(.028+1). Since the carrier fre-
quency fer this system is 60 cps, a bandwidth of 50 radians/
second seemed reasonable and no attempt was made to im-
prove it,

The first integrator produces a D.C. output proport-
ional to the integral with respect to time of the envelope
of & 60 cps input signal from the synchro., Because the
output is D,C., this seemed a good point in the loop to
insert compensation., From censiderations which will be
discussed in more detail later oan compensation of the
form K(.28+1)/(.0158+1) was desired., The D,C, attenuation
inherent in a purely passive network could not bé tolersted
50 a trtniistorized active network was designed. The
drift problem is not teo severe in the design 5f this cir-
cult since it is preceded by an integrator., Any shift
in the D.C. output can be coempensated for by a shift of
the output of the first integrator and will not be detri-
mental to closeduloop operation, assuming the drift is
not too rapid.

The schematic for the petwork is shown ip Figure 3,3,
The operation is as follows, A signal from the first in-

tegrater is attenuated by the 100K pot. This serves as
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a gain centrol for the network and subsequently for the
entire loop, Because the 2N35 has a F of 75, fhe ioput
impedance is greater than 250K for any frequency and thus
the gain pet is not seriously loaued. The first stage
behaves basically as an emitter follower to the emitter
of the 2N35. Thus on an incremental basis the gain to the
output of the first stage is -«Zc/ze where 2, is the col-
lector load lnd‘Ze is the emitter load. Substituting

values this becomes

20x107(47x10°+%,9%10°+1/4x10 s )
Z 7. -y
47x107(2.9x10" +1/4x10" "'8)

(3.1)
4 ( .2C45+12

(.0los+1)

In the first stage the lead is inserted witk & D.C, at-
tenuation of only 2.5, rathber than an actenuation of 15
which would be associated with a passive network. The
D.C., operating point of this stage is about +24 volits
with no signal in providing a safe marzin on the vce of
the 2N35. Bécnuae the gain of this stage depends on o
rather than @ , drift and variations in gain are mini-
mized,

The output stage consists of a pair of 2N398a con-
nected as a difference amplifier. Arfnirly large dynam-

ic output swing was required. Therefore a trapsistor

with a high maximum VCe was necessary. The 2N398 is nor-



nally infended for use as & high voltage switch and has
a vce of -105 volts, FExcept for this, the transistor is
not too good a choice. The two units were checked on a
curve tracer. One # was 50; the othwr 30~ as opposed to
8 design center of 60. Fortunatelyp was not too strong-
ly temperature dependent, ICo was guite high and was
strongly temperature dependent, However, some of this
effect will cancel out due to the use of the transistors
a8 a difference amplifier, 1In spite 2f these limitations
the 2N208s were used becsause they are inexpensive.

If the twoe halves of the difference amplifier are

sasumed identical and re and rb for the transistors are

neglected the gain of this stage will be

20 (3.2)

where Zo is the output impeaance of the previous stage
and Zi is the input impedance of the difference amplifier
= 8 (220) ebhms, Substituting values the gain of the diff-
erence amplifier becomes 15, The 10K pot is used for
balance of the output. The overall transfer function

of this amplifier becomes K‘(.2043+1)/(.Olbs+1), where

K‘ is adjustable between O and 6 depending oc the gain
pot setting. The output impedance of the unit is 27K

but this is not a hindr#nce since the output integrator
which this network drives has an input impedance of about

100K, A collector load of 27k had to be used to limit



the power dissipation in the transistors,

The circuit was assembled and tested. The maximum
gain was near 5 and the frequency dependence was as pre-
dicted. Maximum swing@ at the output was « 20 volts, suf-
ficient teo drive the following unit. Drift was on the
order of 2 volts/minute after warmup which can easily be
absorbed by the preceding integrator.

To complete the major loop, an output integrator was
designed and coenstructed. (Figure 3.4). The alternative
to this arrangement would be a separate second integrator
driving a positional servo, The velocity servo was choasen
because of the better frequency response obtainable with-
out compensation and to reduce the complexity of the sys-—
tem,

The operation of the output integrator is &8 folloews.
The D.C, input signal from the preceding network. iz chopped
to 60 cpe by & Brown Converter, This unit ia normally
operated as a full-wave chepper; however adJustmeﬁts were
made te permit spst operation with 180% of dwell. The
feedback signal from the tachemeter is filtered and phase
shifted by a RC network, A 15K pot is used to adjust
the relative phases of the chopped input and tachometer
signals. In this intogr;tor as in the previous one the
fixed windings of the motor and tach are supplied from
the line and the control signal is phase shifted before

amplification. One advantage of this method of obtaining
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‘phase shift is that the full output voltage of the pawer
amplifier is applied to the motor control windings, which
is not the case if a series capacitor in the output cir-
cuit is used to shift phase. Alse, the output of the
tachometer is filtered. This largely removes undesired
harmonics, Any hum picked up in the circuit is likely

to be in phase with the signal on the fixed windings and
thus does not affect operation. The lag network in the
foward gsin path of the integrutor loop amounts to carrier
compensation and contributes some phase shift at the daﬁa
frequency. Over the frequency range of interest this
effect is negligible. Thke chopped D.C. and tachemetric
feedback signals are summed across a 4,7K resister in the
grid circuit of the 6SJ7 used as a higk gain preamplifier.
Loop gain can be controlled by the 100K pot which is the
plate load for the 6SJ7. One-half of a 12AU7 furctions

a® an inverter driver, Proper choice of components in
this circuit permits direct coupling te the grid of the
invertar.‘ The .0lmfd capacitor was included to elimimate
an oscillation at about 50kc which eccurred in the com-
pleted circuit, This was pessibly due to feedback through
the power supply frem the screens of the output tube to
the plate of the 6SJ7. 4 10K pot in the cathode circuit
of the inverter accomplishes A.C. balance. Both halves

of a 12AU7 are used as pull-pull drivers, This combin-
ation has an output impedance slightly greater than SK.

The output stage is a pair of 8073'0perating clazs AB2



a2

with 750 volts on the plates. Better performance of the
circuit would have been possible if transformer coupling
had been used between the driver and output stages, An
increase of about 20% in the maximum output power could
have been realized. A driver transformer was not used
primarily because none was avajilable at the time of coens
struction, Also, the present power output is sufficient
te saturate the drive motor so that an increase in amp-
lifier capability would rot imﬁrove performance. The
8078 are transformer coupled to the control windings of
a Diehl type FPE49-33-1 servemotor. This is a 10 watt
output unit with an irtegrally mounted tach.

The amplifier was assemblea and tested., A 100 watt
light bulb was used as a load for these tests. The amp-
lifier could deliver 60 watts with very low distortion,
and a maximum of 100 watts with some peaking due te the
capacitive driver coupling. This power is double the
rated input te the servemotor., The servomotor was then
included in the leop and gain adjusted to 9 from the tach-
ometer output te the motoer control winding. The phase of
the control signal was 75° lagging with respect to the
line. The log magnitude plot of the output integrator
behaves as 1/s until about 20 radians/second where a first
order lag occurs. Sensitivity was measured as «0%5 meters/
second/volt. Thus the transfer function of the output
interrator is .0%3/8{,05%s8+1). |

During the frequency response tesis a mevere mechan-




ical resonance was noticed in the Z2(X,¥) generator at
sbout 30 radians/second. To eliminate this a 2"x4" beam
was bolted to the structure as a cross—-member,

Since the major loop as developed thus far has a
double integrator in the foward gain path and no position
feedback, drift becomes & problem. Drift could cause the
platform to reach the limits of travel of the Z2(X,Y) gen-
erator and thus control wo1ld be lost. iven if no drift
is assumed in the loop ar initial syucrnro misalignment
with respect to vertical o. only one sezond of arc (cer=
tainly much smaller than zan te ackieved in practice)
would cause the broom to reuch the limits of travel in
about 100 seconds. 1To eliminate t.Lis prsblem position
feedback was employed as shown in Figure 3,5, The slide-
Wire was already available on the Z(X,Y) generator. MThe
position signal is summed with the 8ynchro signal to form
the input of the firect integrator, Polarity is chosen
to cause positive feedback- if the base of the broom
moveé to the right tne synchro null is effectively shift-
ed towards the ceanter of the table, thus causing the troom
base te move alightly furtner to the right, and the broom
handle tips inward. The net result is to force the broom
to fall back towards the center of the table., This pos-
itive feedback introduces an additional open~loop pole
in the right<half plane, The efrects of this will be
discussed later, keferring to Figure *,5, the 100K pot

is used to adjust the feedback ratio. In operation it is=
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set at about .75 volta/meter. The 5K pot is used to locate
the null point of the synchro and slidewire.

Since the output power of the motor is relatively
low, some method was necessary to limit the maximum accel-
eration and prevent motor saturation. Also, negative
phase shift is required in the loop at low frecuencies
for stability considerations. To accomplish these ob-
jectives a piece of cardboard with an area of .2 square
meters was attached to the top of the broom to introduce
damping. The damping force produced by air drag is pro-
portional to the square of the velocity. To linearize
this damping as well as to approximate friction lesses
in the bearings supporting the broom, tests of damping
for the broom were conducted by suspending it in a head
down position and measuring the decay of oscillatiens with
time. The results indicated that for the nermally en-
countered velocity ranges the coefficient of viscous damp-
ing, B, is appreximatsly .18 Newtons/meter/second.

It was also noted from the operation of the system
that at times the shaft of the broom wouid start to flex
at about 50 radians/second. With high values of everall
loop gain this oscillation would be maintained causing
a jltter of about .25 centimeters amplitude in the out-
put poeition, To eliminate this problem a small piece
of cardboard wae attached to the center of the broom
shaft. This damped the fundamental mode of the shaft

sufficiently to prevent oscillation.
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IV. FINAL STABILITY CONSIDERATIONS

The completed leop including the values develsped
in the preceding section is shown in Figure 4,1. The
symbols and values of constants used are repeated here
for convenience, |

B = appreximated viscous damping ceefficient =

.18 Newtens/meter/second

L = effective length of broom = l.4 meters

M = effective mass at top of broom = 1.6 Kilegrams

@ = angle of breem with respect te vertical (radians)
g€ = acceleration of gravity = 9.8 meters/second2
X2- displacement ef top of breom frem reference (metera)
X,= displacement sf base of breem frem reference (meters)
K, pesitional feedback sensitivity (volts/meter),

adjustable with pet
xp- syachre sensitivity = 16 velts/radian
First integrater transfer function = 140/s8(.028+1)

(volts/secend)/volt

Active netwerk transfer function =

K (,2048+1) velts/velt, K, 1is adjdltu
4 .0168+1)

sblie with pet
Second imtegrator transfer functien =

. 033 (meters/secend)/volt
8{.058+1)

The uull set voltaze is summed with the synchre voltage

te null the synchro ss explained previsusly,
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To set the loop gain as a first appreximation K. is

b4
ignoped. Under this condition a Bode plot can be used.
The miner leop containing the broom is collapsed, Yield-

ing & minor loep tranafer function ef

s(8+,115) (4,1)
l1.4(8+2.7)(8-2.6) '

The net result of damping is te change the numerater from
8° te s(s+.ll5),‘nnd to shift the pair of poles en the
real axis slightly to the left. The magnitude difference
between 1/{8+2.7)(8~2.6) and 1/(5+2.65)(8~2.65) is insig-
nificant, and the phase difference is less than 1% at

any frequency. Therefore it is reasonable te replace

Equation (4.1)

a(8+,.115) . B(8+,115) 4.2)
1,4(8+2.65)(8-2.65) 9.8(.%788+1)(.3788=~1)

With this approximation, the resulting open major loop
transfer function is

(8+.115)( ,2048+1)
5(.3788+l)(.3783—1)(.Ol6s+l)(.O2B+1)(.055+l)

(7.55K,)
(4.3)

A Bede plet of the rrequency;dependent portion ef
this expression is smown in Figure 4.2, The plot indicates
that cress-over can be sccomplished at about 7,5 radians
with an epen loop zain ef 8 dg = 6.3, This implies a K,
of 6,3/7.55 = .835, .The phase margin of the system is

about 22%, which is sufficient. A Nyquist plot can be
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used te verify stability. The omly difference between
a Nyquist plet of this function and the one shown in Fig-
ure 2.3 is that for this function, Bguation (4.3), the
D.C. gain is infinite, and the D.C, phase shift is -270°
a8 oppesed te -180" in Figure 2.3. Tae net number of
encirclements of the -1 point is still -1, thus indicat-
ing stability. _

When the positive position feedback is included two
complete minor loops are obtained with & gain Kp connect-
ing them. Onw minor loop is tne breem loop for wnich the

transfer function is

54(L5+.ll5) (4.2)
9.8( 037881'1)( -3785"‘1)

The other miner loop is obtained by allewing Kr te be
non-zereo, If the previously determined value of K. is
chrosen, this loop has a transfer function of

140(.052)(.825)(.,2048+1)
5°(.028+1)(.058+1)(,0168+1)
K,140(.033)(.835)¢.2048+1) (4.4)

55(.028+1)(.058+1)(.0168+1)

1 -

In actual operation of the device, & K, of .75 volts/meter
was found effective. Thus Equation (4.4) can be rewritten

with Kr replaced by .75 as

140(.033)(.8%5)(,2045+1)
8°(.028+1)(.058+1)(.0168+1)=.75(140)(.033)(.835)(.2048+1)

(4.5)

Combining expressiona this becomes
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1,2%5x(,2048+1)
5.5x10 C87+3,86x10 '8 +2.96X107 87+, 3458, 20481

(4.6)

This can be factored as

1.33%x(.2048+1) (4.7)
(S4s=1)(.668+1)(.0718+1)(( (3)2/(67.5)2+2(.41)5/67.5+1))

The total majer open-loop transfer function may now be
obtained by multiplying the product of Equations (4.7)
and (4.2) by Kp. This yields

(2.18)(8)(2048+1)(5+.115)
(.3785+l)(.5785—1)(.548-1)(.665+1)(.O7ls+l){ 8< +2§.41)s;;]

67.5)° 67,5
(4.8)

This expression centains two open-leop poles in the right-
half plane, ene due to the breom and the other due to the
positive pesition feedback. A Eede plot of this function
is shown in Pigure 4,3, Figure 4.4 is a Nyquist diagram
of the functiep. The Nyquist diagram verifies the sta-
bility of the syYstem. There are -2 net encirclements of
the -1 point, and therefere sincethere are twe open-loop
poles in the right-half plane the syatem is stable. The
censequence of intreducing position feedback, necessary
because the table is net of infinite length, becomes evi-
dent., Now there are two phase conditions to satisfy.

The phase must be more negative than -180°% at the lowa
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frequency crossover and more positive than -180° at the
high-rrequencf cfossover. If B were not present, stabil-
ity could still be accomplished by utilizing a network
which contributed negative phase shift at low frequencies,
Figures 4,3 snd-~4.,4 indicate that there is a consid-
erable amount of leeway as far as gain is concerned. KP
can be changed by 50% either way (both on the diasrams
and with the actual machine) due to the relatively flat
nature of the phase curve and relatively steep magnitude
curve at beth critical points. However, the phase uar-
gin is relatively low on both ends. The low end is par-~
ticularly troublesome since B is really strongly velocity-
dependent., The efiects of this dependence will be discusseda

in greater detail in tne following section.

V. RESULTS

Te start the system the gain of the active network
is increased frem zere until stability occurs. The stable
range of K  is from about .75-1.25, which compares with
abefit .835-predicted as eptimum from the derivation of
the preceding sections., In normal eperation witkout any
external disturbance the base of the breom escillates at
about 1l radian/second. By preper adjustment of the gain,
K,, and the feedback ratie, K., the peak-to-peak smplitude
of this oscillation can be kept below .15 meters. The

csuse of thas= oscillation can be found from a conmider-
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ation of Figure 4,3, From this Bode plot we notice that
if the net phaée shift at the lew-frequency crossover
(about 0.7 radians/second) becemes less negative than
-180% the system will become unstable and oscillate at
this frequency. The break-point which controli the mag-
nitude of the phase shift at this peint is dependent upoﬁ
the assumed magnitude of B. Since air drag is preport-
ional to the square of the velocity, if we represent B

&8 viscous friction its nagnitude will depend upon the
velocity of travel. TIf the velocity of the tep of the
broom is lew, the break-pcint in éuestion will move tow-
ard lower frequencies, Eventually it will occur at a
frequency such that thke phase shift at the low~frequency
crossever is not sufficient to maintain stability., The
breom will spart te oscillate, thus increasing velocity,
and stability will be recevered. The magnitude of the
oscillation will eventually reach a value Just sufficient
to maintain -180° ot Phase shift at the lew~frequengy
crossover. The Bede plet predicts that tkis escillation
will occur at about ,7? radisns/second while in the actual
system the frequency is closer to 1 radian/second,

Frem calculations involving the mass in the drive
channel and the characteristics of the motor it can bve
shewn that the maximum acceleration of the bandle of the
breom at one-half maximum drive-motor speed 15 about 0.2
B Since Figure 4.3 indicated that = maximum gain in

the channel of about 4 ia necessary, linearity can be
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maintained for any initial offhang less taan 3%, The act-
ual umit can usually cerrect fer a disturbance causing
an offhang ef clsse to 3°4°,

When a cerrectible initial disturbance is intreduced
the base of the breem follows the hmad and oversheots
pessibly 50%-75%, This is typical of a system with enly
20° »f phase margin. After the initial high-frequency
cemponent of the transient has damped out, the broom slow-
ly returns to equilibrium near tﬁe center of the table

emhibiting lightly-damped low-frequency oscillation.
Time feor complete return to equilibrium behavior after a
severe disturbance may take as long as 30 seconds., If
toe large an initial disturbance is applied, the base ac-
celerates to the limit stops and centrol is lost.

If the gain (K.) ie adjusted slightly higher than
1.25 and a large initial disturbance is applied, the unit
breaks into large amplitude sscillations at about 15
radiane/second. If the leop gain is net quickly returned
te nsrmal the base oscillates intoc the limit stops.

As stated earlier, if the device 1s not disturbed
it will perform fer long periods of time, It has been in
operstion continuously for as leng as three hours witkout
any tendency toward instability noted. A warmup peried
of about ten minutes is necessary te stabilize the net-
work and allow the motor to reach operating temperatures

before results of this typms can be expected.
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APPENDIX
OPERATING INSTRUCTIONS
The compenents of the broom balancer are mounted on
three levels which are part of the Z(X,Y) generator, The
approximate locations of the major compenents and contrels
are shewn in Figure A-l, To operate the device, the pre-
cedure is as follows,
1, Cennect the graen.wire from the extreme right-
hand side (viewed frem the rear) of the terminal board
on the back ef the output anplifier to the minus term-
inal of the 6 volt battery, If there is any question
as to this connection or the condition of the batteries,
remeve one of the 807s from the output anplifier and
check for -28,5 volts from the grid pin to chassis grsuad.

Ihis is extremely important, since failure to maintain

cerrect bias will destroy the 807s.
2., Cennect the black shielded wire 1ying'nenr the
batteries to the » and =45 wolt terminals on the batteries.

The ground shield goes te 45, Connect this lead first,

as application of the pesitive voltage first may destrey
the transistors in the active network. Check to make
sure that there is 90 volts between the twe terminals,

3+ First checking to insure that all four switches
en the two pewer supplies (two switches on each) are turn-
ed off, plug in the line cerd to 115 volts, 60 cps. The
line cerd comes from a Plug strip on the right rear leg
of the Z(X,Y) generator, All the 4.C. pewer for the de-
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vice comes from this strip. At this point it is wise te
ckeck te be sure that:
Ae The filaments in the output amplifier are
lighted.
B. Both motors (the output and the first integra-
ter) have 115 velts on the fixed windings,
C. The Brown Converter (gray can on the output
amplifier) is operating., The operation can
be neted by lifting off the can. If the reed
is vibrating, the converter is receiving pow=-
er,
4., Tura beth the filament switches en the power sup-

ply sa, Bs sure to leave the plate switches off.

S« Allew ten minutes frem the time the netwerk was
first cennected fer the transistoers in the netwerk te
stabilize, Cemnect & D,C, veltmeter between the sutput
terminal (center wire ef the black shielded cable connect-
ed te the small terminal strip en the netwerk) of the ac-
tive netwerk and the point labeled Bx on the terminal
beard, Adjust tho screwdriver adjust balance pot en the
"~ back eof the network fer a veltage mull en the meter.

This adjustment shsuld be made with the gaim ceatrel

(the kned fﬁrtheat left en the front panel of the device)
turaed cempletely counter-cleckwise, If the netwerk is
‘tllotioning preperly the balance contrel sheuld allew at
least a + 10 velt swing at the sutput.

6. Adjust the centrel em the tep of the Variac te




100. With this setting the cutput of the small filament
transformer connected directly te the Variac should be
about 6.5 velts A,C. This is the synchre supply voltage.

7. Push the broem transport bar all the way te the
left when viewed from the front., leck the set screw ée-
curely.

8, Turn on the plate switch of the 750 volt power
supply. Then turn on the plate switch of the 300 volt

supply, TIhe power must be applied in this order, or else

the screens of the 307s will be ruined.

9. Check the gsain setting on the first integrater
amplifier, The 10 millivolt imput gain pet should be sat
te 8, If everything to this peint is operating cerrectly
the first 1nt§grator skould run into the stops on beth
ends as the breom is tilted to either side of vertical,

10, Set the K, adjust (middle knob on the front pa-
nel) so that 0,5 velts is measured acre=s the slidewire
en a high impedance A.C. veltmeter, This corresponds %o
a setting abeut 1/3 of the way cleckwise en the pet,

11. Set the mull set (righkt-hand knodb witk large
dial sn the centrel panel) te abeut the center ef its
aechanical limits,

12, Loosen the set screw.on the broom transport bar.
Be sure to hold the breem handle, since drift in the net-
werk may cause the output integrator to drive quite quick-
ly., 1If the speed of travel of the transport bar is great-

er than O,]1 meters/second, repeat Step 5, To check the
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output integrator leep, try to move the transport bar
sagainst the direction of travel, Heavy resistance should
be emcountered, Force the bar te the center of the table
and leck dewn the set screw. Be sure not to allow the
broom te fall during these tests, Until familiarity ia
gained with the equipment it is pPrebably wise te usa two
people to make these teats,

13. The first integrator should still g0 to either
limit as the breom is tipped to‘either 8ide of vertical,
Check the null position on the first integrater, Motion
should cease ihen the broom is perfectly vertical., If this
is not the case, slip the large gear between the broom
handle and the synchro on its shaft to position the syn-
chro such that there is ne first integrator motion when
the bresm is vertical, This adjustment is fairly eritical.

14, TLeesen the set screw and allew the breom trasns-
port bar to drift to either side. furn gain (K‘) pot
abeut 5"clockvisc. At this point it should be peasible
te tip the breom te elther side and have the breoa trans-
port bar follew,

15, Try to get the breom as nearly vertical as poas-
ible. Turrn the Ka pPot about 1/4 turn clockwise (to the
indicated line) and let the broom fall simultaneously.
Thia part requires a little bit of practice, If every-
thing is werking correctly the breem will nscillate fof
& few secends and then stabilize. Do not allew the breom

to fall ever as a result of excessive initial offrang.



If difficulty is encountevped repeat Steps 14 and 15,

16, When the device is operatinpg, if a tendency is
beted for the broem te hunt about s Point neot in ﬁhe con-.
~ter of the table, adjust the null set pot, Turning this
Pot clockwise makes the breom move right. 1If there is
not enough latitude in this contrel, repeat Btep 13,

17. Adjust K, and K, slowly to minimize the magni-
tude of hunting escillations. Tap the broom handle slight-
1y The respense should be duick and have 2~3 high-fre-
quency oversheets, If the overshoots Are excessive, de-
crease K.. If none are present increase K‘. To repeat
a warning given previously, at no time should the broom
ever be allewed to fall over for any reasen whatsoever,
If this eccurs, the synchro shaft will be severely bent,
and the required mechanical rebuilding on the synchro and
Platferm takes about ene hour,

A cemmen cause of improper operation is slippage of
the gear driving the first integrator pot. This gear can
be tightened by the Allen Head screw on the gesr collar,

If the above procedure fails to achieve eperation,
check the sutput integrator r%rst. Remove the D.C. input
Jeck from the output integrator and apply 1k ¥elts from
] bittory. This skould result in a transport velecity
of about ,05 metera/ﬁecond. Alse lock the transpoert bar
and measure the veltage on the motor-contrel] winding,
This voltage should be greater than 125 volts,

If it is ever necesaary to replace a tube in the
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output samplifier the following adjustment precedure sheuld
be ebserved.

1. Remove the motor leads from the 84 ohm and 500
ohm taps on the output transformer., Also remove the tach-
smeter output lead from the amplifier A.C. input.

2, Connect a 100 watt light buldb between the 84
and 250 ohm taps,

2., nRemove the 807s frem their sockets and apply
the 300 volt supply to the samplifier.

4. Apply a 60 cps ¥ volt signal in phase with the
line to the A.C., input jack. With the gain pet turned up
about % of a turn clockwise adjust the A.C, balance contrel
te drive botk 807 grid pins an equal amount with respect
te greund,

5. Fkeplace the 80Q7s and turn on the 750 volt supply.
Put in both the A.C. signal and &« 1% volt D.C. signal,
Qbserve the output waveform. Adjust the gain pot to yield
| g 100 velt éeak—to-poak sutput, This waveform shoudd be
the sum of & sime and square wave, Adjust the phase con-
trel so that the zers crossings of these two component
waves ceincide,

6. Remove the light bulb and replace the output
drive motor. Adjust the gain control of the output ampli-
fiser to the highest possible setting consistant with stable
opsratien ef the leop, |

If all of the above adjustments Btill fail te yield

stable broom operation, the best advice is simply te be-



come familiar with the theory of operation described

earlier and start troubleshooting,

g




