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ABSTRACT

A method for controlling the speed of a dynamic space power system
by a parasitic electric load technigue is investigated. A mathematical
representation of the power system and speed control is developed. From
this model, a linear approximation is utilized to synthesize a compen-
sation network that will produce a specificd response in the rotatlional
speed of the power system to a change in electrical load. It 1s shown
that the compensation network can be modified to accommodate a wide
range of responses for dynemic power systems. Curves are given that
display the response of a model of the control changes in operational
load. ‘The wodel of the control includes the compensation nethrk and
analog simulations of a freguency sensor, a parasitic load, and the
rotating unit. Finally, problems that are expected in the design of
a parasitic load and in the integration of the control with the space

power system are discussed.
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CHAPTER I

INTRODUCTION

For long-term space explorations electrieal power systems that
utilize regenerative processes rather than expendable-mass or storage
techniques are needed. Dynamic power systems based on closed-loop
thermodynamic cycles, such as the Rankine liguid-gas eand Brayton gas
cycles, appear as potentially feasible systems. However, for space
applications these systems, which convert heat energy into eleetrical
energy by a turboalternator located in the working-fluid loop, have
one important disadVanmage. Because certain spacecraft loads operate
only within a narrow range of frequencies, the speed of the compressor-

turbine-alternator rotating unit must be carefully controlled.,

Since constant speed of the combined rotating unit (CRU) ecan be
obtained only if input power to the turbine always equals output power,
speed comtrol mist involve either adjusting input power to egual output
power or vice versa, Alﬁhough there are several conceivable means of
achieving this balance, few methods are accepteble from a practical
engineering viewpoint.

Input power can be regulated by varying the heat content of the
working fiuid or by adjusting the flow of the heated fluid through the

turbine, A econtrol based on changing the heat energy of the working




fluid would involve equipment for adjusting the heat energy delivered
by the source or for jettisonning excess heat to space, For example,
in a system where the heat source is a nuclear réactor, rods for con-
trolling the nuclear reaction or a system of louvers for rejecting
execess heat might be used for control. Because this type of hardware
would, in general, contribute signifieantly to the complexity of the
dynamic power systems presently being designed and might introduce
problems in integrating the power system with the rest of the space-
eraft, such & control has received little consideration.

A control that functions by adjusting the flow of heated fluid
through the turbine has been shown feasible, In a study by Thoma-s1
valves were used for bypassing portions of the fluid around the turbine,
Although this type of control is attractive for short missions, for
long-term missions changes in the flow characteristics of the valves,
which would adversely affect the performanee of the control, are to
be expected. In addition, because of the location of the valves in
the working-fluid loop, corrective maintenance in the case of break-
down during manned missions would be difficult,

Output power can be controlled by modulating the electrical load
connected 0 the alternator. This can be done by varying the opera-
tional load of the spacecraft or by using a parasitic load on the

alternator. A control based on maintaining the operational load of

;Rena;é L., Thomas, "Turboalternator Speed-dontrel with Valves in
Two-Spool Solar Brayton System,” National Aeronsutics and Space Admin-
istration TN D-3783 (January, 1967).




the spacecraft at a level that always balances the input to the turbine
would require a precise knowledge of the size and duty cycle of each
load, A load-handling system would be needed for scanning all avail-
able loads and for switching on or off loads as needed for restoring
equilibrium. Since most loads d0 not have a constant duty cycle and
since a system for sequencing of loads would be complex, this method
of control is impractical,
A parasitic load on the alternator can be used in two ways for
speed control. First, each operational load can be duplicated by a
parasitic load. When an operational load is removed from the alter-
nator, the corresponding parasitic load is added and vice versa. It is
not, however, a simple matter %o duplicate operational loads because,
as was said befere, most loads do not have a constant duty eyele. In
addition, this approach involves an uneconomical use of power because
no sequencing of loads can be used. The average demand on the power
system will be greatly inex;ea.-sed with a corresponding increase in the
size and weight of the system.

A second way of using a parasitic load for speed control in-
volves a varisble parasitiec load that is added to or removed from the
alternator a.-s" a function of the unbalance between the input and output

/R\ of the turbine. This type of control has several advantages for space
gpplications, The power profile for each individual load does not have
to be known. The change in CRU speed can be used directly or indi-
rectly as the control variable, which eliminates complex scanning

systems. Since the control can be designed using solid-state




eomponents, the size and weight of the control meke for easy incor-
poration into presently available power systems, The control involves
no moving parts. Because access to the working-fluid loop is not
required, the control can be located remotely from the power system,
Few studies of parasitic load speed controls for space power
systems have been reported. Dauterman® and Lalli’ have designed
controls for power systems based on the Rankine liguid-gas cycle.
Personnel of Lewis Research Genterh’5 have deseribed controls for
Brayton-cycle power systems, Because these controls for the most part
have been developed around arbitrary design specifications, there
exists a need for an analytical study of parasitic load speed controls,
It is the purpose of this thesis to develop an analytical model
for a varisble parasitic load speed control and to show through the
use of the digital computer how this model can be used for designing

a speed control that responds in & given manner, To establish the

%y, E. Dauterman, "Snap 2 Power Conversion System Topical Report
No., 18," Thompson Ramo Wooldridge Inc. Report No, ER-5075 (December,
1963).

V. R. Lalli, "Sunflower Rotational Speed Comtrol Topical
Report," Thompson Remo Wooldridge Inc., Report No. ER-494T (March, 1963).

4Jomn L. Word and others, "Static Parasitic Speed Controller for
Brayton-Cycle Turboalternator," National Aeronautics and Space Admin=
istration TN D-2176 (September, 1967).

5.
Speed Control for Solar-Brayton System Turboalternator,” National
Aeronsutics and Space Administration TN D-3784 (January, 1967).




validity of the model, a control is designed for a speeific Brayton-
cycle space power system, The response of the control is verified
through use of analog computer simlations in conjunction with "bread-

board" hardware.



CHAPTER II
ANALYTTCAL DEVELOPMENT OF A PARASITIC 10OAD SPEED CONTROL

In the development of a parasitic-load speed control, an analy-
sis of the dynamics of the CRU must first be made. For the system
diagrammed in Figure 1, the operation of the alternator can be ex-
pressed in terms of three classes of torque acting on the rotating
members: an inertia torque, Ti(t); an electromagnetic torque, To(t);
and a mechanical shaft torque, Tsh(t) s representing input from the

turbine. The relationship 1s:
73 (t) + T (t) = Tgp(t) (1)

The inertia toraque, as is shown in Appendix I, can be written

where J is the moment of inertis and @ is the angular velocity. The

electromagnetic torque is given by

vwhere Pg(t) is the electromagnetic power, which represents the elec-
trical load on the alternator. Similarly,

Psn(t)

T () = S




Turbine
,ﬁTe(t) Ti(t)__

— ) 1 atternator [ J_

-/ Compressor

rotating unit
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where Psh(t) is the mechanical shaft power., Substituting these ex=

pressions into equation (1) gives

- a(t) 4 Pe(t) Py (t) _
Y . o - @

On rearranging and integrating, equation (2) becomes

Jf [Psh(t) - Pe(t)] at + m'f; i/2 (3)

Change in the angular velocity of thé CRU will be properly

limited if the integral term of equation (3) is kept small., Speed
control can, therefore, be achieved by insuring that the difference
between Py (t) and P,(t) always approaches zero. A convenient way of
obtaining this condition is to vary P_(t) by using a parasitic elec-
trical load in conjunction with operational loads of the spacecraft.
eously when the operational load varies, some change in the speed of
the CRU is inevitable., BSince the size of the change reflects the
response time of the control system for the parasitic load, the
becomes a critical aspect of the control system,

The control could operate by sensing the total electrical
power comnected to the alternator. However, devices for producing an
analog signal proportiocnal to average power, such as thermal converters

and Hall effect converters, have inheérently slow response times., More=

over, since the waveform of the alternator may be distorted as &




consequence of the conversion of a large amount of power to de, Hall
effect devices, being sensitive to waveform, are unsuitable,

The control could operate by sensing the rotational speed of
the alternator. A wide selection of speed sensing devices, such as
de generators, inductanece probes, and magnetic probes, is available,
These devices have reasonable response times and operate independently
of alternator waveform. But the use of such a control would reguire
access to the CRU shaft, which presents two problems, Iu the first
place, some part or all of the control would have to be mounted on
the shaft. This would necessitate increasing the length of the shaft
to accommodate the components and devising means of securing the com-
ponents without adversely affecting the performance of the shaft.
Secondly, the components mounted on the shaft would be subjected o
rotational speeds as high as 64,000 revolutions per minte.b To fing
components that would operate satisfactorily for long periods of time
under these conditions would be difficult.,

Since the frequency of the alternator is directly related to the
speed of the CRU by the number of poles on the alternmator, the control
could operate by sensing alternator fregquency. This type of eontxol
is attractive for several reasons., Sinece the purpose of the parasitic
load is to control the speed of the CRU, the control signal would be

highly responsive to the controlled variable, Devices based on tuned

6G. G. McKhann, "Preliminary Design of Pu-237 Isotope Brayton-

Cycle Power System for MORL" (Santa Monica, California), I, L4=73.
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circuit or counting techniques for sensing frequency with a minimum of
time delay are readily available, These devices also operate inde-
pendently of alternator waveform. In addition, this type of control

is adaptable to the design of the CRU since it can be connected directly
to the alternator output terminals.

Thus, a plausible method for maintaining the speed of the CRU
within a narrow range would consist of a variseble parasitic electrical
load with a ‘control system for sensing alternator frequency. If the
load of the spacecraft is decreased or switched off, the speed of the
alternator and hence the frequenecy will increase. The control will
detect this change in frequency and will react by gating current into
the parasitic load %o balance the load and turbine torques. Conse-
guently, the average acceleration of the alternator will be reduced to
zero. For an increase in vehicular load, the control will react to a
decrease in alternator frequency by decreasing currént into the
parasitic load. The load and turbine torques will thus be balanced,
and the acceleration of the alternator will be arrested.

For a control that operates by sensing frequency, the torgue
equation in terms of angular velocity ecan be expressed in terms of
alternator frequency, f(t). This conversion is shown in Appendix I with

the following results:

£(t) = h—% f[rs_h(t; - »'I‘e(t.-jl at + Fy | (k)

where p is the nunber of poles on the alternator and Fo ie the design

frequeney.




11

In order to control the frequency by menipulation of alternator
load, eguation (4) must be rewritten in terms of input and output
power, This is done in Appendix 1II. The equation becomes

Y Tl 3of 4
BLTn p(o) $HE) _p_ (¢) - p (¢)

Pg dt (5)

This eguation is nonlinear due to the term on the left side.
From a practical, engineering viewpeint, two observations can be used for
simplifying this equation. In the first p%&ce, since the purpose of
the control is to control ‘the spéedlef the CRU within s narrow range,
tﬁe variations of the frequency, f£(t), sbout the design frequency, Fg»

must necessarily be small. Thus, an approximation to equation (5) ean

be made by substituting Fo, for f£{t). The equation now becomes linear.

: 2 ( ) ,

To show that equation (6) is a eclose approximation to equation
(5), both equations can be solved for frequency as & function of time

for a step change in Py, (t) - P,(t). The solution for equation (5) is

i

£(t)

(EKPdt # Fﬁ) 1/

wheéere

2
21.7H25
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and Py is the magnitude of the difference between Py, (t) and Po(t). The

solution for equation (6) is
-
) -1

By comparing the solutions for these two equations, as is done in
Figure 2, one sees that for frequencies of F10 per cent of the design
frequenecy the percentage of error introduced by the use of equation
(6) rather than equation (5) does not exceed 0.7 per cent.

The second observation involves Pgpn(t). The power delivered to

the turbine shaft is given by
'Psh(t') = 513; )'I'E Tsn(t) £(t)

This power as a function of frequency for a typical dyna

lc power system
is plotted in Figure 3. It can be seén from this curve that for the
proper choice of design speed the power delivered to the turbine shaft
wili be nearly constant for small variations of f(t) about the design
freguency. For this analysis, therefore, P, can be assumed to be
constant.

The change in output frequency as a function of input and output

(7)

where
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and Pe(t) is replaced by the sum of Pl(t), the operational load, and
Pp(t), the parasitic load.

It can be seen from this equation that the fregquency will
increase at‘é éanstant rate for a decrease in operational load without a
corresponding increase in parasitie load, It is also appareﬁ% that for
an increasé in operational load the frequency will decrease at s
constant rate until a corresponding amount of parasitic load is removed
or the CRU stalls., Thus, for the rotating unit to operate at the design
frequenecy, the control must react to a change in alternator frequeney
by combining parasitic load with operational léad until the combination
exactly equals the input power to the shaft.

A system that ecan give the necessary control is one that can vary
the parasitic load as a function of the error between a reference
frequency and the actual alternator frequeney. One such system is shown
in the block diagram of Figure 4. In this figure Ga(s) is the transfer
fuﬁetion of the alternator and GG(S) is some compensation network.

This network, using the error signal from the frequency sensor as an
input, must produce an output proportional to the amount of parasitic
load needed to restore the output frequency to its design value,

The transfer function for the alternator can be found from

equation (7) and is given by

Fe) .
Psn(s) = [Py(s) + By(s)]

vhere s is the Laplace operator.




Figure 4.- Block Diagram for speed control system
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The problem now is to determine G,(s) so that £(t) is held equal
to reference frequency, F,, for a fixed shaft power and operational load

and so that any deviation in f{t) due to changes in operational load,

, Pl(s), is held to a minimum.
' By assuming Pl(s) and Psh(s) as disturbance inputs in the block

disgram, the response of the system for a reference input can be found.
Thus,

Hs) - Ga(s)Ge(s)

Fo(s) T T - 6,(s)6,(s)

For a unit step input the transfer function for G,(s) that will
give a final value of f(t) equal to the input can be synthesized. With

& unit step input F.(s) equal to EQ, the final value theorem is used.
- 8

lim £(t) = 1im s F(s)
t =0 s =0

Ky Fo
- —= G(8) =

e ———— ————r— K e —
1 - "'si G,(s)

_ KT, G(s)
s [¢ - %6e(s]]

The final value for £(t) should approach F .

F(s) =

1im SF(S) = FG
8 =0

lim - sKiF-G‘,(s)

il - ~i0 -
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By rearranging

In order for the right side of the equation to equal F,
dim - ___S_____..._._ = 0
520 K;G.(s)
An amplifier with a gain of I{r.c or a network with a transfer function

of the form

G(s) = -, Bt ZoNor2y) o (o vBy) v (2 )
e = (s + Po)(s * Pl) eee (8 +'Pi) cer (5 + Pn)

will satisfy this equation. Since the rate at which F(s) approaches
F, 1s determined by G.(s), the transfer fumction should become as large
as possible as s approaches zero.

The final value theorem ecan be used again to determine the steady
state response for £(t) with a disturbance input Pi(s). The transfer
function for the system with & disturbance is

) - oyle)
Py (s) 1 - Gg(s)Ge(s)

For a step input Pl(s) = EE

F(s) = » .

nw
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Since the final value for f(t) should approach zero, the final value

theorem gives

Slffb s F(s) » 0
This equation can be satisfied only if

1im ]

A G,(s) with a gain that approaches infinity or one with the form

(8 +2,)(s +29) o« (5 +%) o+ (s +2p)

%(s) = - K TE B+ B T (R (5 TR
vhere the numerator becomes very much larger than the denominator ss
& approaches zero will satisfy this cendition.

A comparison of this G,(s) with that of equation (8) shows them
te be identieal. The simplest form of the transfer fumetion would be
for Go(s) equal -Ks. In order that f(t) approach zero for disturbance
inputs, K, must then approach infinity. Now, in the actual speed con-
trol this transfer function will be approximated by an amplifier. If
this particular function is used, problems associsted with stability and
control of amplifiers with high gains are to be expected. This diffi-
culty can be avoided by using a compensation network of the form

8 + Z

Gc(s) = = I{e —

(9)

This function does not require the use of a high gain amplifier but

does satisfy all conditions for Gy(s).
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With this Ge(s), the transfer function for the system with e
reference input is

F(s) _  KiKi(s +Z,)

r 8~ + KiKés + K:LK;GZO

and for the system with a disturbance input is

F(s) _ e L
— 5 “
Pl(s) 5 + KiKcS + KiKoZg

The latter transfer funetion can be written in terms of the natural

frequency of oscillation and the damping ratio as follows:

(o) L T 10

1/2
£ = 1/2 (K;K") (12)

o, = (KK 7)Y (12)

where

Since the primary concern in system operation is the response due

to load changes, equation (10) can be used to determine values for KE

and Zo that will give acceptable deviations in the alternator frequency
K
due to step changes in alternator load. With the step load Pl(s) = = 52,

this equation can be written

KiKﬁ

F(8) & e
&2 + agwhs +cq§
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The solution as a funetion of time is found in Appendix III and for the

general case hags the form

KpKi | -tw,t T 2 1/
(gepKilT . sinh[wn(C -1)/ ] (13)
mn

This equation gives the frequency ag a function of time for a
compensation network that has a transfer function as shewn in equation
(9). Before this equation can be evaluated, values for ¢ and o mst
be known, Approximations to the actual curves can be drawm by comparing
the tranéfer funetion for this system to similer transfer functions found
in the literature. For example, Truxall has plotted the impulse
response for the transfer function

o)

Re) 52-;.2-;%5 + @2

as shown in Figure 5. For the unit impulse 5{s) = 1, the output C(s)

will become

2
C(B) _‘%‘?;.:‘_ (l)*)
&% + 26wps + wp
Now the transfer fumction for the frequency control under study is

and for removel of a unit step load, Pl(s) = = u(s) = - 1/s, the output

frequeney will be

TJ‘ohn G. Truxal, Automatic Feedback Control System Synthesis

(New York, 1968), p.39.
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F(s) = Si (15)

The similarities between equation (14) and equation (15) are
apparent. The step function response for the fregquency control can
be written in terms of the impulse response of the funetion in equation
(14) as

The frequeney of this system as a function of w,t can therefore be
represented by the curves of Figure 5 if the abeissa is multiplied
by Kiﬁmﬁ. These curves suggest that the frequency will reach some
maximum value and then eventually decay to zero depending on the value
of ¢ and;wh. |

As stated before, the purpose of the frequeney control is the
reduction of frequency deviations due to step changes in alternator
load. The maximum excursion of the output freguency can be specified
as a fraction of the design freguency. If Fb is the deslgn freguency
and a. the accuracy of control required, then

£(6) pay = Fy

Finding en expression for f(t)mﬂx from equation (13) for f£(t) and
equating that to aFo allows for the determination of @, as a function

of {. Once this is done, K, and Z0 can be found as functions of (.




Upeon teking the derivative of equation (13) and setting this
derivative equal to zero, t = 1s found as shown in Appendix IV to be
t = 6

wn(t® - 1)Y2

where
8 = eos’hilg

Substituting this value into equation (13) gives f(t)max.

M1 - te/ (22-1)1/2

f(t)max = -
Now, .
o to/(P-1) 2
o @
or

- to/(n)M?

w = e

n

It was shown earlier thet { and o, were both functions of K,» the

gain of the compensation network, and Zo s the zéro of the compensation

network, By rearranging equations (11) and (12) and substituting

equation (16) for emn,' K, and Z_ are found to be

2}

(16)

-, 2 _\1/2
ko p - /(D) -
¢ TaF,

I /2
0 QQQ.Fr

I
Ky - ge/(L 1) (18)
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Now by specifying a, Fy, and {, the quantities w,, K,, and Z, can be
calculated and f(t) can be plotted as a function of time. Using the
values obtained for K¢ and Zo’ one can design an electronic circuit for
representing Ge(S)' This network, an appropriate frequency sensor, and

the parasitic load form the complete speed control.



III

DESIGN OF THE COMPENSATION NETWORK

In Chapter II a transfer funetion that provides for & change in
operational load with an opposite change in parasitie load was developed.
An electronic ecirecuit to represent this funetion must use the error
signal from the frequency sensor as an input and must produce an output
that is proportional to the needed parasitic load. In general, cireuits
involving dc amplifiers and passive R-C networks are sulteble for this
application. For this study the compensation network shown in the
simplified schematic diagram of Figure 6 was designed.

An operational amplifier rather than another type of de ampli-
fier was chosen for use in the compensation network for these reasons:

| 1. The high open-loop gain, high input impedance and low output
impedance of the operational amplifier allows for easy representation
of the transfer function by the proper choiece of passive elements in
the input and feedback impedances.

2. The operational amplifier is smaller in size and weight, is
less expensive, and consumes less power than availasble competing devices.

Of the operational amplifiers availeble, a monolithic operational
amplifier was chosen because it offers in general, with the possible
exception of chopper-stabilized operational amplifiers, a lower drift
rate., Although 4rift, arising as a result of the finite input offset



2
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Figure 6.- Simplified schematic diagram
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voltage and current, was of little significanece in this study, for
long-term missions it will become of considerable importance. For these
missions one would need to study in detail the drift characteristics of
specific amplifiers before making a selection.

faster than 12 decibels per octave, some problems in stability were
expected, This disadvantage is generally corrected in integrated eir-
cuit operational amplifiers by using an external compensation network
for modifying the gain of the amplifier. Usually this is done with
resistbrs and capacitors. This, of course, means that some of the
reasons for choosing the integrated amplifier in the first place, namely
small size, weight, and expense, are somewhat diminished.

The specifie monelithic operational amplifier chosén for this
study was the IM 201 made by National Semlconductor Corporation.
Information concerning the characteristics of this amplifier is given
in Appendix V.,

Other components in the compensation network of Figure 6 were
determined by analyzing the transfer function of the eireuit in terms
of the input and feedback impedances. As shown in Appendix VI, the
transfer function of the cireuit can be written

2y Zg

-— .

Zy 2y

<t

e

the output voltage proportional te the paragitic load required to

reduce the frequency error to zero., The input impedances of the
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The feedback impedances are, in the same order, Z, and 2 As is also

2
shown in Appendix VI, equating VP/VE to Ge(s) allows for the development

f‘

of networks for Zi and Zf. The input impedance can be represented by

a single resistor, Ri’ whereas the feedback impedance can be represented

by a series R=C neétwork.

Zi = Ri
1l
4, = R, + ==
f £ sCp

For use in these eguations, values for Rf and Cf were determined from

the following relationships:

R,K
A
A
Cp = =
¥ R3iKeZo

where A, the gain of the preamplifier, can be represented by the ratio

of the feedback to input impedances with single resilstors as the

impedances.
Z, R
4. R
1 i

Before A, Ry, and C. can be celculated, Ke and 7 must be deter-

kil
mined. Both of these quantities were shown in Chapter II to be
functions of ¢, which is the damping ratio for the system, and a, which
is the maximum change in frequency that can be toierated. The proper

values of { and o can be chosen by determining the system response for
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several values of { and a, and by then picking the response that best
meets the frequency specifications.

Now, the question arises as to what would be reasonable ranges
of values for a, {, and t. In an operational dynamic power system the
maximum excursion of the output frequeney will be dictated by power
requirements. At the present time loads for spacecraft that will use
dynamic power systems are not defined well enough to generate accurate
frequency specifications. Based on experience with prototype life-
support equipment and controlled-momént-gyro attitude econtrol equipment,
maximam frequency deviations of as much as 5 per éent can be tolerated.
Although most of these loads would operate more effectively with closer
frequency control, little can bé gained by controlling frequency
deviations below 1 per cent. Thus, a practical range of values of «
for the parasitic-load speed control appears to be from 1 per cent to
5 per cent.

| The effect of variations in € on.KG and Zo is diffieult to
ascertain from equations (17) and (18). These values must therefore be
calculated for a wide range of {'s. From Figure 5 one sees that
sinusoidal variations are damped out very slowly for {'s of 0.1 or less.
For £'s greater than 1 no oseillations occﬁ; but the rate of closure
to the initial value of frequency is slower. A reasonable choiece for {
should therefore be in the range of C.1l.%to 1.C.

Since most loads respond slowly #c changes in freguency, a
control system that returns the frequency to within 1 per cent of the

design value in 1 second or less can be tolerated. Therefore, the
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frequency was plotted for times ranging from O to 3 seconds to give an
adequate indiecation of the response.

The frequency response for a step load change, Ke’ was found in

Chapter II as

o b A
le “n sinhﬂ¥n(gg_ 1)l/2€]

For a given dynamic power system, Kp will be defined. From the follow-

ing equation, K. can be calculated,

i
-2 .

1 al. 7::23'.5'0

where p, J, and F0 will also be défined by the design of the power
system. Values of ay, can be calculated from equation (16) for a given
value of ¢ and a. Once these values are known for a given { and a,
f(t) can be calculated for different values of time.

The digital computer program shown in Appendix VIII was written
for determining values of K, Zos and @, for any velue of £ and a.
For use in this pregram,'KP, Py, J, and F, were chosen from the specifi-
cations of a preliminary design of a radioisotope Brayton-cycle space

8

power system by McDonnel-Douglas Company.  The maximum load expected

for this system was 1l kilowatts; the design frequency was 1067 hertz.

For simplicity 10 kilowaetts and 1000 hertz were used in the program.

By using the F_ of 1000 hertz, the number of poles on the alternator

8G. G. McKhann, "Preliminary Design of Pu-237 Isotope Brayton-

Cycle Power System for MORL" (Santa Monica, Californis), IV, I-213.
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as 2, and the inertia of the CRU as 0.001 slug-feet, K, was calculated
from equation (19) to be 0.0187.

The values for Kc’ Zo’ and;mn that resulted from the digital
computer program for {'s ranging from 0.1 to0 1.0 and «'s ranging from
0.01 to 0.05 are listed in Table 1. Using these data, one can plot the
exact output frequency as a function of time for a disturbance in alter-
nator load. This presentation is given in Figure 7.

From these curves one can see that the outpuf frequeney change
will be less than 1 per cent of the design value in 1 second only for
maximum deviations of less than 4t per cent. For en a of 0.03 any ¢
between 0.4 and 0.6 will give this response. By using a { of 0.6,
frequency oscillations can be minimized. Table 1 shows that for an a
of 0.03 and a { of 0.6, K, is 199.5 and Z_ is 2.6.

‘ These values of K, and Z_ can now be used for ealculating A, R,
and Cf. Values for Rl and Ri were choegen as 10 kilohms, as suggested
by the amplifier manufacturer, to minimize input offset voltage, thereby

decreasing output error. Now, Cf becomes

0 & e i

"
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Figure T.- Theoretical frequency response of the control system for a 10kW step
decrease in load
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and Bf becomes

. b :
x - 10199.5)

From these two equations, one sees that C_. is proportionsl to A

f

and Rf is inversely proportional to A. Sinece the error in the gain of
the operational amplifier inereases with increased Rps Rp should be

kept small. This means Cf mist be large. Capacitors with close toler-
ances, good stabllity, and small size can be obtalned for values up to
around 1l microfarad. It 1 microfarad is used as the value for Cf, the

gain of the preamplifier can be caleulated from equation (20) as

A

il

(5.2 x 106)(10-0)
5.2

and R, will be

; 6
R - 1.995 x 10° ¢
5.2

(=
I

= 384 kQ
The feedback impedance for the preamplifier can be calculated
from the relationship for the gain of the preamplifier.

R, =5.2 % 10* @

= 52 kQ



The transfer function for the compensation circuit now becomes

/ 518.7)

G (s) = = \199.5 + —

The networks for Zl, 2y, and Z, were combined with the opera-

tional amplifier and its associated eireultry in the complete compen-
sation network of Figure 8. Values for the stabilization capacitors
Cy and C, and the balancing resistors Ry, Ry, Rs, and R; were suggested

by the amplifier mamufacturer (See Appendix V).
\_—\;'



Compensation Amplifier

Figure 8.- Schematic diagram of compensation netwérk
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EXPERIMENTAL PROCEDURES

For determining the operational characteristics of the speed
control, the compensation network developed in Chapter III was used
along with analog simulations of the CRU, frequency detector, and
parasitie load. The logle diagram for this study is shown in Flgure 9.

The transfer function of the CRU is given by

ree) 5
8

where Ki was previously calculated to be 0.0187. Although this function

is a simple integration, the time constant is so large that simulation
with one operational amplifier is impractical. Thus, two amplifiers,
Al and A5, for attemusting the signal and an integrator, I, were used
in the similation. Amplifier Ah summed the three input values, Py (s),
Pl(s), and Pp(s), and attenuated these inputs with a gain of 0.100.
Amplifier A5 further attemuated the input signal with a gain of 0.187.
It was then possible to use an integrator, I, with a time constant of
0.100 to give an output of the CRU simulation that was 10 times the
negative of the alternator freguency.

The frequency detector, which compares the output frequency to
a reference frequency and gives an output proportional to the difference

of the two, was similated with a summing amplifier. A voltage
39
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Figure 9.- Logiec diagram for analog studies

Lo



L1

I. Amplifier Al attenuated this voltage with a gain of 0.1 and summed
it with a reference voltage. The output from Al was therefore
- [e(8) = 2(1)).

The output of A5 was then used as the frequency érror signal
required by the compensation network. Since the output of the network
is a linear function of the parasitic load, the output of this network
could be used as the parasitic power input for A4 to complete the loop.

This experimentel setup, pictured in Figure 10, was used to study
the response of the speed control under four conditions of loading that
are expected to occur in actual operation. With a reference frequency
of 1000 hertz and a fixed mechanical input, the output frequency and
output of the compensation network, as functions of time, were deter-
mined for addition and removal of the total operational load of 10 kilo-
watts. This type of load change will occur only in start-up, shut-down,
and emergency conditions, The same parameters were determined for
addition and removal of the total load in steps of 2 kilowatts, which
is representative of the more normal operating conditions. The output
~£ the compensation network, being directly proportional to the
parasitiec load, was used to size the parasitic load required to properly
regulate the output frequency. The experimental setup was also used to
study the response of the output freéyency to changes in the réferenee

frequency.



Figure 10.- Photographs of experimental setup
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CHAPTER V

RESULTS

Figure 11 shows the output frequency and parasitiec load as
functions of time for addition of the operational load in one step.
Figure 12 presents the same parameters for removal of the load. These
conditions, which are expected to occur only in isolated cases, repre-
sent the greatest load disturbances and produce the worst deviations
in frequeney.

The frequency plot of Figure 12 is the inverse of that of
Figure 11. Both plots compare favorsbly with the theoretical plot of
Figure 7 for an a of 0.03 and & { of 0.6. In both cases, the control
returns the frequency to within 11 per cent of the design frequency in
1 second or less. The traces for the parasitie load show that a
meximim of 13.2 kilowatts must be removed or added momentarily to
return the frequency to its original value. Since 3.2 kilowetts are
used in each case only to reverse the acceleration of the CRU, the
final change in the parasitic load is equal to the total change in
operational load. In the case of addition of operational load, 3.2
kilowatts mist remain connected to the alternetor to keep the parasitic
load from going negative.

For an indication of the response of the control system under

more normal load changes, data were obtained for addition and removal
of the loed in five steps of 2 kilowatis. These data are shown in

43
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Figures 13 and 14%. It is apparent that these curves can be obtained
directly from Figures 1l and 12 by an appropriate change of scale. The
maximum deviation in frequency for each step is 20 per cent of that for
the full load step. The parasitic load response is equal to the load
step with a momentary overshoot of 30 per cent of the step change. This
overshoot is approximately the same percentage as was experienced for
the full load changes. In the case of addition of operational load,
0.6 kilowatt must remain connécted ¢ the alternator to prevent the para-
sitic load from going negative when the last 2 kilowatts of load are added.

Sinee the parasitic load represents most of the size and welight
of the control system, it is desirsble to ecarry only the amount of load
that will meet both normal and unusual load changes. To determine the
plots of Figures 11 and 12 can be combined. The total load regquired
will be equal to the total load removed plus the sum of the overshoot
needed when load is added and the overshoot needed when load is removed.
The total parasitic load for this condition will be 16.4 kilowatts. As
was mentioned before, 3.2 kilowatts will remain comnected to the alter-
nator under full operational load conditions.

The total parssitic load required for changes of 2 kilowatts cecan
be determined ih the same manner from Figures 13 and 14. The total
load change is 10 kilowatts; the overshoot is 0.6 kilowatt for either
addition or removal of load. The size of the parasitic load necessary
for control in this case will then be 11.2 kilowatts with 0.6 kilowatt

connected to the alternator at ell times.
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For this control the minimum size of parasitic load that will
mgintain control to + per'cent of the design frequency in 1 second or
less under all conditions of loading is 16.4 kilowatts. Phis load is
64k per cent larger than the maximum operational load. To carry this
much parasitic load might be objectional from a size-and-weight stand-~
point. The parasitic load could be reduced by relaxing slightly the.
frequency specification for the full load changes. Since these changes
are expected to occur only in conditions where frequency control to the
set limits might not be necessary, this would sppear to be a practical
alternative., For this particular control, one sees from Figure 11 that
10 kilowatts of parasitic load will reduce the acceleration of the CRU
to zero and will maintain a frequency error of -3 per cent. A parasitic
load that is slightly larger than 10 kilowatts will insure that the
frequency returns to -1 per cent of the design frequency although the
time regquired will be longer than 1 second. Thus, for this particular
control, the load estgblished fbr step changes of 2 kilowatts, 1l.2
kilowatts, would also handle full load changes if the time in which the
frequency returns to the design frequency is increased.

The excess parasitic load that must remain on the alternator to
prevent the load from.going negative represents an uneconomical use of-
energy since this power cammot be used for any other purpose. ?his
additional power requirement can be eliminated by designing the control
for zero‘paraSitié load under Full oyeraiional load conditions. ‘ﬁndér
‘these circumstances, when the full load is added the control would call

for enough negative load to restore the system to equilibrium. Since
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this negative load, which can be interpreted as an energy demand on the
system, is momentary, some of the operational loads could be switched
off long enoﬁgh to restore equilibrium. However, since the amount of
load that must be removed will vary and since the time that the load
must remain off is critical, this method is not practical. A more
acceptable method would be to use batteries, which will normsily be
part of the power system to take care of start-ups and peak loads, for
supplying the extra energy., The batteries can be operated in conjunc-
tion with a dc‘éus that is supplied from the alternator. One method
for dividing the load properly between the alternator and the batter-
ies involves supplying energy to the de bus from the alternator
through a voltage regulator and from the battery through a current
regulator. Since the signal from the compensation network can be used
to control the current regulator, the amount of power delivered from
the baﬂteries is proportional to the change in alternator freguency.
When power is supplied to the de bus from the batteries, the bus
voltage will begin to increase. To maintain the proper voltage level,
the voltage regulator will reduce the amount of'energy supplied from
the alternator. Thus, the energy supplied by the batteries appears to
the alternator as a reduction in load demands or as a negative parasitic
load. As a result, system equilibrium will be restored.

Since the control system must also maintain the output frequency
equal tb a reférénce fréquenéj, daté wéré dbtained}for the response

- of the system to_a,change-in-the reference freguency. The results are
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shown in Figure 15. The output frequency overshoots the step change
by 30 per cent but returns to the final value in less than 3 seconds.
As can be determined from Figures 11 and 12, there is spproxi-
mately 17 per cent difference between the frequency plots of these
figures and the theoretical plot of Figure 7. The frequency plots of
Figures 13 and 1%, however, show very little difference when compared

to the expected results.

Error in the frequency plots can be attribubted to several factors.
Some error in the gain of the operational amplifier is expected due to
the non-ideal characteristics of the amplifier. Additional error in
the gain arises as g result of using inpubs other than de. Errors
can also result by using components with values that do not mateh
exactly the calculated values. Finally, errors can be introduced by
the recording equipment.

Errors due to non-ideal characteristics of the operational
amplifier are discussedwin an application note of Union Carbide.9 By
using the nomographs presented in this reference and the characteristics
of the IM 201, the maximum error for each amplifier in the simulation
can be determined. Because of the high open-loop gain and low output
impedance of the IM 201 and because of the low closed-loop gains used,

the maximum error for any amplifier is 0,001 per cent or less.

9”Operatlonal Amplifier Static Gain Errors Analysis and
Womographs," Uhlon Carbide Electronics AN-7 (Mountain View, Oallfornla,

1966).
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Errors in the gain of the operationé} amplifier with ae inputs
afe discussed by We&en.lo The natural freqﬁéﬁcy of the system is given
in Table 1 as 3.1 radians per second. Since this frequency is less
than the frequency at which the gain of the open-loop amplifier starts
to roll off, 37 radians per second, no error will be introduced by
opersgtion at this freqguency.

‘ By using varigble gain amplifiers for Al, Ak, and A5, the closed-
loop gain of these amplifiers was adjusted o within 0.1 per cent.

Since components with tolerances of +l per cent were used in amplifiers
A2, A3, and integrator I, the error introduced by each of these ampli-
fiers will be less than 2 per cent. Thus, from all of these sources

the error contributed by the compensation network and simulation is
expected to be less than 6 per cent.

During the analog studies, one channel of the recorder exhibited
considerable drift and a high noise level. The preamplifier for this
channel was replaced but the amplifier had to be frequently recalibrated.
Since this channel was used for recording the frequency résponée, most
of the error in the frequency plots of Figures 11 and 12 can be
attributed to this source.

Now that thé conbept of a vafiable.parasitic—load control has
been shovn feasible, some problems associated with the design of the
actual control must'bé considered, First, the bus for the operational

 load and the bus for the parasitic load mﬁst'be'arrangéd independeﬁtly'

100. V. Weden, "Opérational Ampllfler Prineiples;™ Orbit:

(January, 1965}, 9-15.
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to brevent a fault on one from affecting the operation of the other,
The design of the parasitic-load bus must eliminate as completely as
possible the likelihood of é Tault that might render the control system
inoperative. As an added safery factor, circuitry should be inclﬁ&ed
to shut dowm the power system if for some reason the parasiéic-load
control does falil or if the error in alternator frequency becomes
excessive.

Secondly, frequency sensors must be comnected to all three phases
of the alterngtor so that no loss of signal will occur because of an
unsymmetrical fault on the system or failure of a sensor. The output
of the sensors should be combined to insure That the signal from one
will always be available to the control system,

Thirdly, since the parasitic load will consist of dilssipative
elements, adequate cooling must be provided to maintain the elements
at a reasonable operating temperature. This can be accomplished by
including a separate radiator for the Pparasitic load or by using the
radiators of the power system or the environmental control system,

Finally, a method for regulating the power to the dissipative
elements must be selected. Transistors and silicon controlled recti-
fiers (SCR's) are suita;Z;\E;;IEés;hggﬁeadh of thése.deviceé,has
certain 1im;tations._ The transistor iéxlgaiféé&hg_iﬁs.low‘operating
power and %oltage. The power handling limitations éan'be eliminated
:by'éithEx splitting the parasitic load into meny sections or operabing -

transistors in parailel. The voltage limitations can be eliminated

. by tramsforming to & lower voltage and then rectifying.
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The SCR is limited for use as a control for the parasitic load
for the following reasons:

1. Since the SCR is a switcking and not a linear device, large
voltage transients are produced when the SCR's are turned on or off,
These transients can damage some devieces connected to the system and
can cause intermittent switching of other SCR's.

2. Radio frequency interference is ‘generated by the rapid rate
of change in the current to the load when the SCR is turned on. This
RF noise will be present in dc systems and in ac systems when the
SCR is switched on at a point where the voltage waveform is other than
zero.

3, Automatic commutation does not occur if SCR's are used as
switches in de systems. Additional circuitry must be provided to
Torce the SCR to turn bff. The commutation or turn-off circuitry
usually involves an additional control device with the same power
handling capability of the SCR.

The limitations of the SCR can be minimized by dividing the
parasitic load into several sections and using phase control for Linear
control of s small percentage of the load. Filtering of the transients
created by this small section of load,éan'be easily accomplished since
the energy involved is small, When the linearly conﬁrolled-segtion
has béen turned fully on, a second section of the same size can be
switched on as the linearly controlled section is turned off, By

controlling the second section wifh an SCR thaﬁ is turned on at zero

crossing of the volbage waveform, transients are eliminated. This
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process can be repeated until all sections of the parasitic load are on.
The reverse procedure can be used for removing the parasitic load.
Automztic commutation willl occur since the waveform reverses polarity
every half cycle.

Thus, a control for the parasitic load that uses transistors
will involve a greater nunber of devices than a control that uses SCR's.
In addition, this control will add considerable weight to the systém
because of the transformers. Although control by SCR's will require
a small amount of filtering and some additional control circuitry,
this approach appears preferable.

Although much work remains to be done before a complete system
can be tested, the variable parasitic-load method for speed control
appears to be more advantageous than the other schemes mentioned in
Chapter I for the following reasons:

1. Since the design of the control involves meinly solid state
components, which have no Wearfout mode as long as they are operated
well within their specifications, the control will probably prove to
be the most relisble over a long service life.

2. The design of the control is easily adapted to the design
of dynamic power sysbems presently under'study. |

3. The control, involving only one simple network in addition
to sensing, reference, and parasitic-load subsystems, is the least
coﬁplex of'fhe sdhemes.meniiOned."This'éimpliéitﬁ'méaﬁs that the

control_will_prdpablyibe the mogt economical to develop.




CHAPTER VI
CONCLUSIONS

This investigation has shown that the concept of a parasitic~
load speed control for dynamic space power systems is valid. An
experimental control, which consisted of a compensation network designed
according to the mgthematical model and an analog simulation of the
frequency sensor and parasitic load, responded in the predicted manner
to changes in load on an analog-simulated CRU. Although in the actual
control some errors will be introduced by the frequency sensor and
parasitic load, these errors can be minimized by judicious design of
these subsystems and by careful selection of components for these
designs. The response of the actual parasitic-load speed control should
then be very éimilar to the response of the experimental control.

For this study a specification for the response of the control
was chosen based on expected loads of spacecraft utilizing dynawnic
power systems., As these requiremenﬁs become more clearly defined, this
specificatioh might éhangé, In this case, the model ﬁrovides for |
modification of the compensation network for other responses ﬁgat are
chosen within the following gulde lines:

| 1. ”Fréqﬁeﬁéy-deviaﬁions'of'iﬁ péf ééht.

- 2, Constant input power to the turbine,,
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3. Linear relationship between output frequency and output of
the frequency sensor.

Ly, Linear relationship between the output of the compensation
network and the amount of parasitic load applied to the alternator.

This study represents only the preliminary work that must he
done before a parasitic-load speed control becomes a reality. Much
design work, especially in the case of the parasitic load, is needed.
After this phase has been completed, the assembled control must be
subjected to extensive operational life tests to determine the relia-

bility of the system. Resulis of these tests should indicate whether

66

or not additional work is necessary before the system can be commitited

to a flight project.
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APPENDIX T
ELECTROMECHANTCAT, RELATIONSHIPS FOR A SYNCHONOUS ALTERNATOR

Operation of a synchronous alternator can be expressed in terms
of three classes of torque acting on the rotating unit: an inertia
torque, Ti(t); an electromagnetic torque, To(t); and a mechanical shaft
torque, Tsh(t)' Since the mechanical input must supply the electro-
magnetic and inertia torques, the relationship becomes:

Top(t) = T3(t) + To(t)
where all torgues are given in units of lb~ft. The inertia torque is
given by the product of the moment of inertia of the rotating unit and
the angular acceleration. This torque will be:

2
T (t) = g 2 &0(8)
* P gp°

where & is an angle in electrical radians between a point on the shaft
and a éynchronously rotating reference, J is the inertia of +he rotating
unitc in slug-fte, and p is the number of poles on the alternatar.

Since 2/p converts electrical radians to mechanical radians and since
angular velocity is the derivative of shaft position, the'inertia
torque may be written as:

dw( %)

T.(t) =J
_ l( - dt:
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whereby

T (6 = 7 2, p (o) (21)

where w(t) is the angular velocity of the rotating members in radians
per second.

By converting the angular veloeity to revolutions per minute and
using the relationship between the number of poles of the alternator,

the velocity of the robating unit and the output frequency, equation

(21) will become
Ton(t) = bat J‘QELEl + T (%
S (%) ie at e( )

By rearranging and integrating, this equation can be solved for the

; output frequency.
by - af(t) _ _
D e Téh(t) Te(e)

dgf—,t) =5 [Ten(®) - Te(t)]

£(t) = ﬁj.f[msh(t) - T (6)] at + ¢

Since the output frequency will equal the design frequency, FO, for

Tsh(t) - Te(t) equal to zero, this equation becomes

(%) = E%IETSh(t) - Te(t)]at + F,

L e




APPENDIX TI
MODIFICATION OF ALTERNATOR TORQUE EQUATIONS

The relationship hetween the torques acting on the alternmator
is given in Appendix I as
T; (£) = Tgnp(t) - Te(t)
This eguation can be converted to one involving power by multiplying

each side by the angular velocity of the rotating shaft.

o(6)T_ () - o(t)T,(8)

1

o(t)T (t)
a

or
= Psh(t) - Pe(t)

where all power is in wabts. The inertia torque was found in Appendix T

to be
Ty (t) = 4% g ZE0)
It
w(t) = hat £(t)
b
Then

2
o(t)T, () =< %‘E> T2(6) %l (22)

where cb(t)_f['i(t) is in units of 1b~ft/sec. When the units are converted

to watts, equation (22) becomes

PLTT ooy GE(E) _ b ey o
BLTTY o(s) X6 L p () - 2.(t)

P




APPENDIX ITT

THEORETTCAT, DETERMINATION OF OUTPUT FREQUENCY

Using the simplest form for the compensation transfer function,

s-!-ZO

Go(s) = = K, S

the system transfer function for a disturbance input becomes

F(s) - Ky

P (s
l( ) 5% + 26w, s +m§

where F(s) is the oubput freguency, P;(s) is the alternator load,
W, is the natural frequency of the system, and { is the damping ratio,
If a load of magnitude KP is removed from the alternator, the output

frequency will be

P(s) = - Kis(- KP/S) }

2 . of 2
s” + 2lw,s +

F(s) = e

52 + ECa)ns -+ a)i

By using partial fraction expansion,

o o KKy
[s + Loy, - mn(§2 - 1)1/2][8 + to, + mn(§2 - 1)1/2:]

(s) = K.K =
S TPl + o, _"'F‘?n(gg_ - 1)1/2

e B
Cs o, +oy(tf - )Y

(@)




7h

s+t - (88 - 1)1/2

A= :
[+ toy - wg(t? - D2l to, + 0, (42 - 1)/2] | st s (£2-2)1/2
Ae 1
- toy, + a)n(l;2 - 1)1/2 + o, + %(QE - 1)1/2
A= = (2k)

n

s + oy o (60 - )2
E‘3+§a> - o, (¢t -1)1/2.][+§m + 0 (§2 1)1/2:]

1
1)1/2

s=-to_-o (%-1)"72

B =

+ oy - o (62 - )2

- gwn - (Dn(ge -
1l
5= gmg( l)l/E (25)

Combining equations (23), (24), and (25) gives

XK
F(s) = =P = - = 26)
(67 - )2 L* - o (62 -1)Y2 54t +a (B 1)ME] (

In the time domain equation (26) is equivalent to

2(6) - — L 'e[‘ﬁwn*‘mn(’gg-l)l/ ﬂt-e[‘ﬁwn%(f-l)l/%t
(¢ - 1)
By rearranging |
KK -caant[ (é‘. 202 an(e® 1)1/2}
£(t) = 1P - 1. . |
_aﬁncgg_‘_l)l/g T e
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Recognizing that (eX - e'x)/e is equivalent to the hyperbolic sine of x,

one can rewrite £(t) as

- € t
£(t) = eKiKP 7z e " sinh [mn((;a - 1)1/21-,] (27)
w, (£ = 1)




APPENDIX IV
SOLUTION FOR THE MAXTMUM VALUE OF OUTEFUT FREQUENCY

The output frequency is given by equation (27).

K. - gd)nt
#(t) = 1%p e sinh o, (62 - 1)1/24 ] (27)
" (g2 ] l)1/2
41
The maximim value of £(t) can be found by taking the first derivative

of this equation and setting the derivative equal to O.

_@_g%ﬂ_)_ =’K;I.cun(§2_ 1)1/2 e- gmnt«::o:zahEOH(QJE - l)l/et.]

w b !
- KTf;oan e bog sinhEon(gg - l)l/g't_-]

where
K =~ KiKP ,
T (2 - )P
- t
ag&t) - K0, lﬁmn {(EE ) 1)1/2 cosh[mn(§2 _ 1)1/2,5]
. A : . -
- ¢ sim wn(§2 ) 1)1/2t]} (28)
Let
0 = éoSh“lg o
Then |
| .C.OS]_:.L e =.§

6
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7

Since
cosh® 6 - sinh® @ =1 (29)
sinh 6 = (cosh® g - 1)1/2
or
sinh § = (¢° - 1)1/2 (30)

Substituting equations (29) and (30) into equation (28) gives

dﬁét) = Kfa%le- Sy {%inh o coshfn (¢2 - 1)1/2¢ ]

(31)
- cosh © sinhfw, (€2 - 1)1/2ﬁi}
By using the trigonometric identity for the hyperbolic sine of the
difference of two angles, equation (31) becomes
5 = Koy e si - w, (£ - 3

To find .. set equation (32) equal to O.

- o t

KTa)ne P8 sinnle - mn(§2 - l)l/atmjl =0

- gd)n'b
For finite tm’ ®, € will not equal O and for { equal +to 1,

Ko sinhl:e - mn(§2 ~ l)l/ th] may be indeterminant.

Therefore, for § # 1 and L 40

sinhEa - mn(g?' - 1)'3‘/ gth =0
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or

o - o (62 - 1)Y/25_

o, (62 - 1) = ¢

m = mn(gg SE (33)

The hyperbolic sine can be expanded in a power series and

muitiplied by K to give

T

f

K,Iﬁlnh[ a)n(§ 1)1/2 ]=KT19

[e ) mn(ge ) 1)1/2tm]5 }
-+ + ere
3.

- wn(§2 - l)l/gt

5 > 5
S S S M-
R (G L T 5!
(34)

Taklng the limit of equat:l.on (34) as t approaches 1 and using sivh 6 =

( g )1/2 gives

1im KmﬁlnhEa - (C, ;1)1/2 j| :LKP ( cont. '_{_ sinh 9) | (55)

[;._:,l Sll’lh 5]
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If equation (35) is set equal to O, t . for { = 1 can be found.

KK
+ P
o, (L - opty) =0
UJntm = 1
X
b = (36)

By using the expression sinh 8 (g2 - l)l/2 in equation (33) and taking

the 1limit as { approaches 1

Idim £ o I1im 8
E—1™m" £ ~1gsinh 6
and since

lim 8

£ =1 sinh ©
1 |

m = oo (37)

Since equations (36) and (37) are identical, equation (33) holds for

all t's. By using this value for t, in equation (27) 5 fyax(t) can be

found.

1

cosh
| N TS o S
Lo - Loy a_an(f_f, ~1) . 2 _\l/e cosh™ ¢
e L el e

| | o ¢t cosh ~L £ |
LS @M

f‘w (§2 1)1/2
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_ ¢ cosh~Lt €
(ge j 1)1/2

Kinp
fmax(t) = —— e

Py - el e o memennihoee
e Sk e e R CA A




APPENDIX V

ELECTRICAL CHARACTERISTICS OF IM 201
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Parameter Conditions | Maximum | Typical | Minimum | Units
Supply Voltage doo i
Power 250 m

Dissipaticn
Differential +30 v

Input Voltage
Operating 50, -65 #a0(

Temperature 7
Input Offset T = 25 7.5 2,0 iV’

Voltage Ry < 10k
Tnput Offset T = 259 500 100 nA

Current
Input Bias T = 259 1.5 0.25 A

Current
Input T = 25°C 400 150 kQ

Resistance
Output T = 25°¢| 530 200

Resistance
Supply T = 259 3.0 1.8 mA

Cuxrrent v = toov
Output V = H5V +1k 2 v

Voltage RL = 10k ,

Swing RL = 2kQ i3 - F10 Vv
Tnput Voltage | ¥ = 15V +12 v

- Range




ELECTRICAL CHARACTERISTICS OF IM 201.- Concluded.
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Parameter Conditions { Maximum { Typical | Minimum | Units
Common Mode RS < 10k§ 90 65 db
Rejeption
Ratio
Supply Voltage Ry < 10k§ S0 70 db
Rejection
Ratio
Open Loop Gain C = 30 pt 105 Q0 db
Unity Gain C = 30 pf 900 190 kHz
Crossover

Frequency




APPENDIX VI

DETERMINATION OF INPUT AND FEEDBACK

IMPEDANCES FOR THE COMPENSATION NETWORK

The input and feedback impedances for the amplifier of Figure 6
can be determined by equating the transfer function for this circuit
to the transfer function for the compensation desired.

The transfer function for the preamplifier is given by the ratio
of the output to input voltages.

o
V., Z

=4

-

The transfer function for the compensation amplifier is given by

Since the output of the preamplifier is equal to the input of the

compensation amplifier, the combined transfer function is given by

' o %
AVe Zi
or
| Y;E’m A.‘?'if.
Ve B

' This transfer function is equated to'Gé(é)Q
7y~ e Ts
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By rearranging

Ze K s+l
Zi A 5
Zi A As

Since amplifiers with capacitors in the input are more susceptible to
noise than those without, a single resistor will be used as the inpub

impedance, The feedback impedance will then become

R.X 1
1ic
Zf': -
A LS
RlKEZo

This impedance takes the same form as an R-C series network where the

resistance and capacitance are given by

R
f A

Cp = A

RiKeZg

The gain of the preamplifier, A, can be represented by the ratioc of -

two resistors.



APPENDIX VII

DIGITAL COMPUTER PROGRAM

PRAGRAM A0650  (INPUT,OUTPUT,TAPES=INPUT,TAPE6=0UTPUT)
NAMELIST/NAML/FRyAJ yAKP P |
READ(5,NAML)
_9 FNRMAT(TEL6.8)
8 FORMAT(LX,SHALPHA 11X 4HZETA, 12X, 4HTIME § 12Xy ¢2HZ0 914X 2HKC s 14X g 2HW
O INGL4X4HF(T))
WRITE(64RB)
. AKI=P*#2,/(68.4%3.14159265%AJ*FR)

_DOLI=1,45
ALP=FLUOAT(T1)/100.
N02J=1,9 O Al oA o e 8
ZETA=FLOAT(J)/10. _
B=ACOS(ZETA) ,
20=((AKP#AK 1) /(2. #ZETA®ALP*FR) ) *EXP ((~ZETA*B) /{ (1.~ZETA**2, )tt.S))
CAKC= ((2.#ZETA*AKP)/(ALP*FR) ) *EXP((~ZETA*B)/((1.~ZETA**2,)%**,5))
o WN={AKI®AKC*20)**.5_ _ __ _
.NDU3K=1,151 A SO e el e e : s

KKK=K=-1

TIME=FLOAT (KK¥ }/50.

FT=AKP& ((AKI/ (AKC*Z0*( 1.~ZETA **Z.ll)‘*.S)‘EXP( ~ZETA®WN*TIME)*SIN _
CLUWN®((1.-ZETA%#2,)%%,5) *T[ME)

o HRITF(6,9IALPJZETA,TlME,lO,AKC,HN FT_
-.3 CONTINUE
ceeeem— .2 CONTINUE e oy L e RN SR n

.D04J=10,10 o'y o e A e s IR
.. LETA=FLOAT(J)/10. = el

20=(AKT2AY [*EXP(=1.))/12.#ALP*FR) _

AKC='2. #AKPﬁEXR(:lojlltALPfER)”n__
. WN=,AKP#AK [ *EXP(-1s))/(ALP#*FR)

. DOS5K=1,4151 e A . Pl i
e KKK=K-1 s e E L : =
.TIME= FLOAT (KKK )/50.

FT=AKP*AKI * TEME#EXP (~AKP*AK[#EXP (=1 .) #TIME /(ALP*FR))

_ . WRITE(6+9)VALP,y ZETA)TIME 4299 AKCoWNFT
_ 9 CONFINUE ;

4 CONTINUE _ _ _

NG6J=11,12 .

. _LETASFLOAT(J)/10. S e RO B (e P
THE=ALOG (ZETA+(ZETA#*%$2,-1,)#%%,5)

ZO'((AKP‘AKI)I(Z *ZETA*ALP#FR))*EXP(( ZETA*THE)I(((ZETA*‘Z.) l.)**

-

-—

"ff'AKCat(z *ZETA®AKP)/ (ALP#FR) J#EXP((-ZETA®THE )/ (( (ZETA®%2.)=1.)%%,5)
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T LIVIZ U1 =TANH( V) *%2 . ) #%,5)) _

i

s 1

e ,END

2.4

_WRITE(6,9)ALP,ZETA, TlHEoZO.AKC.HN,FT

6.

WN=( AKI #AKC *¥20 ) *#,.5

DNTK=1,151 _ ) R e S e S
KKK =K~ 1 . - o
TIME=FLOAT (KKK) /50, o S R
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V=rN®((ZETA*%2 .~ .) ** ,5 )« T[ME _
FT=AKP#( (AKI/ (AKC*Z0*(ZETA%®#2.=1.)) )*##,5) *EXP(-ZETA*WN*TIME) & (TANH

T R R A
CONTINUE
CONTINUE po i o



