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I 

MULTIPLEX 

DC 
J"SENSi~+-~O~UTPUT 

Figure 2. Transfiuxor Closed-Loop Memory. 

from noise effects. Accordingly, an FM-trans­
fluxor memory, operating in a closed-loop 
fashion, has been developed and tested. The 
overall features sought in this unit can be sum­
marized as follows: 

Nominal accuracy: 0.1 % of half-scale 
Memory speed: 1 millisecond 
Dynamic range: -10 volts to + 10 volts 
Facility for multiplexing 
All solid state 
Parts cost per module: less than $5.00 

II. SYSTEM OPERATION 

A simplified diagram of the closed-loop FM 
analog memory system is shown in Figure 3 
and is seen to include two major units: a) the 
transfluxor and sensing circuitry, which is pro­
vided for each analog channel, and b) the com­
parator and drive circuitry, which is tinie­
shared among all the transfluxor modules. It 
can be seen that the memory modules are very 
simple in design, containing only three tran­
sistors and one diode in addition to passive 
components including the transfluxor itself. 
The nature of each of the major elements in 
the memory system will now be described. 

Trans/luxor: The prototype transfluxor con­
figuration currently employed in the memory 
is shown in Figure 4a. The core is fashioned 
from a disc of Indiana General type S-6 ferrite 
material, 25.55 mm in diameter and 1.57 mm 
thick. The S-6 type material was selected pri­
marily because of the commercial availability 

Figure 3. Simplified Schematic of Transfiuxor F-M 
Memory System. 

Ql, Q2, Qa - 2N1309; Rl = 390K; Cl = 500 p.p.f; 

Re = 1000; Rbb = 33K; C2 = 30 p.p.f; C3 = .05 p.f; 
R3 = 38K. 

of the 25.55 mm diameter disc employing this 
material. In addition, as evidenced by the B-H 
characteristics of Figure 4b, the low threshold 
coercive force of 0.2 oersteds of the S-6 mate­
rial minimizes the power requirements of the 
transfluxor driving circuitry. An ultra-sonic 
drill is used to fashion the maj or and minor 

MAJOR 
APERTURE'\ 

-----+------ r~J~~ .. A~RTURE 
. I.'KJ MM UIA. 

R-,O.oo MM I i 
LEG 

r-3 
LEG , ~1CCENTER LEG 2, 

------ ~~O.7~~---P+~~+-
I I 

I! 

2.075 MM 

1------- 25.55 MM-----------~ 

Figure 4a. Prototype Transfiuxor Geometry. 
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Figure 4b. Prototype Transfluxor Magnetic 
Characteristics. 

Initial Permeability (IMC) = 110 
Maximum Permeability (Dc) = 6000 
Saturation Flux Density (Dc gauss) 

3450 at Hm = 25 oersteds 
Coercive Force (Dc 60 cycle) = 0.20 
Maximum EriEs Ratio = 0.95 at 1 

oersted 

apertures which are 20 mm and 1.4 mm in 
diameter .respectively. The disc is therefore 
quite large when compared to memory cores 
used in digital computer applications. This 
large size provides greater temperature stabil­
ity and facilitates the application of the setting 
and the sensing windings. The major aperture 
winding consists of 75 turns of #34 wire. The 
number of turns on the minor aperture are 
given below. The theory underlying specifica­
tion of the transfluxor geometry is summarized 
in Appendix A. 

Sensing Circuit: The sensing winding in the 
transfluxor forms a portion of an oscillator 
circuit. Both sinusoidal and switching-mode 
oscillators were investigated and the latter 
selected for their greater stability. The con­
trol of multivibrator frequencies using fer­
rite cores has been described by Royer10 and 
others.l1, 12, 13, H These units employ two trans­
fluxor windings, the coupling coefficient be­
tween them determining the frequency of oper­
ation. The circuit shown in Figure 3 is a 
modified form of this type of multivibrator. In 
an alternative realization of the memory mod­
ule, a multi vibrator circuit similar to that 

shown in Figure 5 has been used with consider­
able success. Here a single minor aperture 
winding is connected between the collectors of 
two transistors. The operation of transfluxor 
controlled multi vibrators is discussed briefly 
in Appendix B. The output of the multivibra­
tor is converted to a DC voltage, directly pro­
portional to the frequency by means of a so­
called "pump"15 circuit. 

Comparator: A high-quality chopper-stabi­
lized, DC amplifier is employed to compare the 
analog input voltage to the analog output volt­
age. The difference between these two values 
is amplified 100 times and is identified as the 
error signal E. Not shown in Figure 3 are 
auxiliary circuits employed for closed-loop sta­
bilization, to accelerate the response of the 
pump circuit to error signals, and to shift the 
DC output into the desired range. A consider­
able reduction in output impedance can be at­
tained by the inclusion of an additional tran­
sistor. 

Driving Circuit: I t is the function of the 
driving circuit to translate the error signal into 
suitable setting pulses. Numerous experiments 
indicated that short voltage pulses constitute 
the most effective manner of controlling the 
magnetic field in the transfluxor. The optimum 
pulse-width for effecting increases in multi­
vibrator frequency were found to be consider­
ably larger than the optimum pulse-width for 
decreasing multi vibrator frequencies. In order 

-Vee -Ve -Vee 

CLAMP 
VOLTAGE 

Re Re 

MINOR APERTURE 
WINDING 

Figure 5. Transfluxor Multivibrator with Single Minor 
Aperture Winding. 

Vet· = -20 Volts; Ve = -6 Volts; Vbb = 20 Volts; 
Re = 1K; Ch = 120 p,p,f; Rh = 1.5K; Rbb = 200K. 
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to facilitate the efficient traversing of a fre­
quency range from 250 to 900 KC, separate 
"forward" and "backward" channels are em­
ployed. 

A clock multivibrator generates a square­
wave of constant frequency. This unit drives 
two separate monostable multivibrators A and 
B which produce trains of pulses with widths 
of 1.30 and 0.65 microsecond respectively. The 
former of these two pulse trains is applied to 
gate A which produces an output only if the 
error voltage is more negative than -1.0 volts. 
Similarly, gate B permits the output of the 
single shot B to be transmitted only if the error 
voltage E is more positive than + 1.0 volt. De­
pending upon the polarity of the error signal, 
therefore, positive pulses 1.30 microsecond. in 
width or negative pulses 0.65 microsecond in 
width are applied to the setting winding of the 
transfluxor. The optimum frequency range and 
pulse-width depend of course upon a number 
of considerations and can be expected to vary 
from application to application. 

The overall operation of the memory unit 
can be summarized as follows: Prior to the 
application of an input signal, the frequency 
of oscillation in the sensing circuit is deter­
mined by the magnetic condition of the trans­
fluxor unit. This frequency, in the range 250 
KC to 900 KC results ina corresponding DC 
voltage in the range -10 volts to + 10 volts. 
The driving circuit is now connected using two 
multiplexer switching poles, and a DC input 
signal in the range -10 to + 10 volts is ap­
plied. Any difference between the DC output 
of the memory module and the applied input 
results in error voltage E. This error signal 
causes a train of positive or negative voltage 
pulses to be applied to the setting winding of 
the transfluxor. The effect of these pulses is to 
change the frequency in the sensing circuit 
until the difference between the output voltage 
and the input voltage becomes less than 5 milli­
volts. The drive circuit then becomes inopera­
tive and can be switched to another memory 
module. Of particular interest in characteriz­
ing the performance of such a memory unit is 
the long-term stability of the memory module 
and the resolution or accuracy attainable. These 
aspects are considered in the following sections. 

III. STABILITY CHARACTERISTICS 

The magnetic characteristics of square-loop 
ferrite materials are strongly affected by tem­
perature. The coercive force, the saturation 
flux density and the remanant flux density all 
decrease in magnitude as the temperature of 
the core is increased.16 In evaluating the effec­
tiveness of transfluxo!s as analog memories, 
the effect of temperature variations upon mem­
ory operation must be carefully considered. 

Of primary interest is the drift in the sens­
ing circuit frequency and hence in the DC out­
put, when a memory module is set to a specific 
output voltage and subjected to temperature 
variations typical of a laboratory environment. 
Accordingly, a series of such long-term drift 
experiments were conducted, with the trans­
fluxor at different levels of saturation. The 
transfluxor and sensing circuit were placed in 
an_ air-conditioned laboratory without special 
efforts at temperature stabilization and the 
drift in sensing circuit frequency as a function 
of temperature and time was recorded. In the 
course of a typical three-hour run the labora­
tory ambient air temperature varied from 73 
to 75°F. The results of these tests for three 
major-aperture flux states are summarized in 
Figure 6. As shown, the percent drift over a 
three hour or greater interval is in the order 
of 0.1 % for all flux states. It should be recog-
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25 411.4 
!;t 
85 411.2 
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Figure 6. Long-Time Drift Characteristics of Trans­
fluxor Multivibrator for Various Setting Conditions. 
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nized that in any specific application, the trans­
fluxor memory is required only to maintain a 
constant output between successive analog in­
puts. In most hybrid computer systems, hold­
ing-time requirements rarely exceed one minute 
and are usually of the order of several seconds. 

Additional series of experiments were con­
ducted to determine the general sensitivity of 
the transfluxor circuit to temperature. Accord­
ingly, the transfluxor core was placed in an 
oven and the variation in sensing circuit fre­
quency was observed over a telllperature range 
from -80°F to + 150°F. These measurements 
were repeated with the transfluxor set to five 
different levels of saturation and are illustrated 
in Figure 7. In the course of these experiments 
it was observed that for each specific trans­
fluxor geometry there exists a critical tempera­
ture beyond which irreversible effects take 
place. That is, if the critical temperature is 
exceeded information stored in the transfluxor 
memory becomes essentially lost. The reason 
for this effect lies in the fact that the coercive 
force17 He decreases with frequency. If this de­
crease becomes large enough, it then becomes 
possible for signals about the minor aperture 
to switch flux about the major aperture. Such 
major aperture flux switching results in turn 
in a change in the sensing circuit frequency. 
This effect must be carefully avoided by suit­
able design of the transfluxor and by suitable 
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Figure 7. Frequency-Temperature Characteristics of 
TransfIuxor for Several Major-Aperture Setting 

Conditions. 

choice of the resistor R placed in parallel with 
the setting winding. 

IV. DRIVING CHARACTERISTICS 

The frequency of the sensing circuit, which 
determines the DC output, is varied and con­
trolled by means of trains of positive or nega­
tive voltage pulses applied to the setting wind­
ing. In order to achieve a high resolution and 
hence a high accuracy, it is important that the 
increment in frequency produced by a single 
pulse be very small. For example, if the fre­
quency is to range from 250 KC to 900 KC, it 
is necessary that a single pulse produce a fre­
quency change of less than 650 cycles, in order 
that a 0.1 % resolution be obtained. The prob­
lem of selecting an optimum pulse-width and 
repetition rate is complicated by the fact that 
the effect upon the frequency of a setting pulse 
of a given width is different when the fre­
quency is being increased than when it is de­
sired to decrease the frequency. This is illus­
trated in Figure 8 for a number of different 
pulse-widths. In each case the core was first 
saturated (high frequency), and a series of 
rectangular voltage pulses were applied one at 
a time so as to decrease the frequency to its 
minimum value. The polarity of the pulses was 
then reversed and the core brought gradually 
back to the saturated state. From these data 
it is apparent that for increasing frequencies 
the pulse-width should be at least twice as 
great as for decreasing frequencies. These 
curves also point out the desirability of oper-
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Figure 8. Typical Frequency-Resolution Characteris­
tics of Transfluxor Multivibrator. 
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ating in the relatively linear low-frequency 
range rather than over the entire frequency 
domain. 

The speed of response of the memory circuit 
is determined by a number of design param­
eters and compromises. Of particular impor­
tance is the frequency of the clock multivibra­
tor in Figure 3, since this determines the rate 
at which control pulses are applied to the set­
ting winding. The width of the control pulses 
is likewise important in determining the speed 
of operation, since wider pulses produce larger 
increments in frequency. A compromise be­
tween speed and accuracy must hence be made. 
The RC time constant at the output of the 
pump circuit is also important in determining 
the speed. Here the compromise is between 
speed and output ripple, since the low-pass fil­
tering action of the pump output circuit varies 
directly with the time constant. The switching 
characteristics of the transfluxor core itself 
appear to have a relatively minor effect upon 
the response time of the memory unit. 

V. CONCLUSION 

On the basis of experience with. a number of 
prototype memory systems, it is concluded that 
the FlYI transfluxor analog memory offers 
unusual promise. The memory module is excep­
tionally simple, compact and economic, per­
mitting the design of systems with large num­
bers of sample-hold channels. The usefulness 
of this type of memory in the hybrid applica­
tion is further enhanced by the fact that the 
memory time under normal laboratory condi­
tions is very long, permitting a great flexibility 
in digital-analog scanning cycles. Since the 
driving circuitry is time-shared among all the 
memory modules, great care and sophistication 
can be employed in its final designs, so as to 
attain an optimum compromise between re­
sponse, speed and accuracy. A second poten­
tially useful application of the transfluxor 
memory is in pure analog track-hold circuits. 
Here the low cost of the individual modules 
permits the utilization of a relatively large 
number of them to store a continuous function 
of time as a large set of discrete points. 

Acknowledgments: The authors gratefully 
acknowledge the helpful suggestions offered by 
Mr. M. Palevsky of Scientific Data Systems, 

Inc. and by Mr. G. Bachand of Sandia Corpo­
ration. Mr. P. Kibby, G. Keludjian and S. Rat~ 
ner, students at U.C.L.A., contributed inter­
esting experimental data. 

APPENDIX A 

Transfluxor Geometry and Driving 
Considerations 

Major and Minor Aperture Signal Constraints 

If the core material of a transfluxor has a 
magnetizing force He, the coercive force for 
any closed flux path j-k is 

where 

N j = Number of turns around leg j 

lj-k = Mean circumference of path j-k 

(1) 

I j - k = Current required to establish coercive 
force for path j-k 

Equation (1) can be used to establish the 
constraints imposed on the major and minor 
aperture signals by the geometry and material 
properties of the transfluxor. The range of 
allowable adjustment for the major aperture 
control signal in the oscillator mode of opera­
tion (Figure 9a) is limited by the flux path 
lengths 11- 2 and 1'1-2 of Figure 9c. Applying 

OR 

1J'---"4---iMI.LTlVIBRATOR 

Figure 9. Transfluxor Multivibrator Mode of Operation. 
Figure 9a. Oscillator Mode of Operation. 
Figure 9b. Minor Aperture Path Lengths. 
Figure 9c. Major Aperture Path Lengths. 
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Equation (1), with the assumption that the 
threshold mmf of the transfluxor material is 
Reo, yields 

Heo 11-2 ~N1 ISET ~ Heo 1'1-2 (2) 
ampere turns 

where 

Reo = Threshold mmf of transfluxor ma­
terial in oersteds 

11-2, 1'1-2 = Path lengths shown in Figure 9c 
in centimeters 

ISET = Major aperture setting current -
amperes 

N1 = Number of turns on major aper-
ture 

The path lengths 11-2 and 1'1-2 can be regarded 
as the basic geometric parameters for the 
transfluxor since their ratio establishes the set­
ting range of the major aperture. 

1'1-2 > ISET MAX 

11- 2 - ISET MIX 

(3) 

Similar constraints can be established for the 
minor aperture using the path lengths Ia-z and 
Ll-l of Figure 9b. 

Hco13-2 ~ N 3 Ie ~ Heo13-1 (4) 
where 

13-h 13-2 = Path lengths in Figure 9b in centi­
meters 

N 3 = Number of turns on minor aper-
ture 

Ic = Collector current of saturated or 
on transistor in multivibrator 
amperes 

The ratio of the path lengths 13- 1 and 13-2 

establishes the range of satisfactory adjust­
ment for Ie according to 

Ic MAX < 13- 1 

Ic MIN - L-2 
(5) 

As indicated by Equations (4) and (5), the 
multivibrator parameters should be adjusted so 
that the maximum value of Ie is greater than 
that value of current necessary to just magne­
tize the unsaturated path 13-2, but smaller than 
that value which would magnetize an unsatu­
rated path 13-10 These limit values should be 
separated by as large a margin as possible in 
a transfluxor to provide adequate isolation be­
tween the major and minor apertures. 

For complete minor aperture saturation, a 
considerably higher value of magnetizing force 
than the threshold value Rco is required. Desig­
nating this magnetizing force by Hes Equations 
(4) and (5) become: 

HCR 13-2 ~ N 3Ic ~ Heo 13-1 

Ie MAX < 13-1 Heo 
Ie MIN - 13-2 Hes 

(6) 

(7) 

Equations (6) and (7) place a severer restric­
tion on the adjustment range of Ie, particularly 
if Hcs » R Cil ' Consider, for example, the proto­
type transfluxor used in the present research. 
The parameters of Equations (6) and (7) for 
this transfluxor are 13- 1 = 6.50 cm, 13-2 = 1.10 
cm, Heo = 0.2 oersteds and Hes = 1.0 oersted. 
Using these values Equation (6) becomes 

1.10 ~ N 3Ie ~ 1.30 ampere turns (8) 

Since Equation (8) satisfies the conditions 
of Equation (6), flux switching of the major 
aperture by the minor aperture should not 
occur. In the event that flux switching of the 
major aperture by the minor aperture does be­
come a problem, the path length 13- 1 must be 
increased. This can be accomplished by redi­
mensioning the transfluxor; but this would lead 
to a reduction in the frequency range. A more 
practical approach is to place a resistance 
across the major aperture winding, which acts 
effectively to increase the path length 13- 1 by 
decreasing the major aperture field available 
for flux switching. 

Major Aperture Driving Characteristics 

The primary requirement of the major aper­
ture driving signal is that it be capable of 
changing the flux state of the aperture by very 
small increments so that the frequency of the 
minor aperture oscillator is also changed in 
correspondingly small increments. The accu­
racy of the memory is a direct function of the 
number of quantized flux steps Mi into which 
the major aperture flux range 0 1 can be di­
vided. For an ideal square-loop core material 
the number of flux increments is given by 

Mi = N 10 1 (9) 
VsT 

where 

N 1 = Number of turns on leg 1 of maj or 
aperture 
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v" = Amplitude of a rectangular setting 
pulse of width T applied to the major 
aperture 

Unfortunately, the actual major aperture 
o - NI characteristics are not square but form 
a distorted hysteresis18 loop due to the finite 
inner-diameter outer-diameter ratio of the ma­
jor aperture. 

Hawkins and Munsey19 have analyzed the ef­
fects of core geometry on the driving signal 
and core-flux state of a toroidal core. Although 
their analysis is restricted to a toroidal shape, 
it can be extended to a~y closed-magnetic-path 
geometry possessing flux paths of different 
lengths such as the major aperture of a trans­
fluxor. The primary result of this study is 
given by 

(10) 

where 

o = Flux stored in major aperture core 

0 x = Lumped constant which is a function 
of applied volt-time integral and core 
geometry 

Mi = Number of input voltage pulses ap­
plied to the core (in this case the main 
aperture) 

T == Time constant \Xlhich is a function of 
the core geometry and material prop­
erties 

Equation (10) applies until 0 reaches satura­
tion for the given core 0 5 and can be plotted 
as shown in Figure 10 with 0 = 0 5 • As shown, 
improved linearity can be obtained by making 
0 x large with respect to 0 5 • However this im­
provement in linearity must be traded for reso­
lution since fewer pulses Mj are required to 
saturate the core as 0 x is increased. 

A second significant result of the analysis is 
an expression for the maximum number of 
pulses Mi as a fl,Jnction of core magnetic prop­
erties and geometry of the form 

where 

Sr 

Mi MAX = IjSr 
Ln (ril) 

rj 

Ln [_l_J (11) 
1- P 

= Squareness ratio of the core mate­
rial 

r o, rj = Outer and inner radius of core (ma­
jor aperture) respectively 

P = Linearity and is defined as the frac-
tion by which an incremental flux 
change at the maximum value of Mi 
differs from that at Mi = O. 

The quantity P may also be interpreted as the 
relative flux change at the worst point (near 
saturation) on the hysteresis loop. 

As shown in Equation (11) for any desired 
value of P the maximum value of Mj is deter­
mined by core magnetic properties and geom­
etry only. In particular Equation (11) indi­
cates that the closer (r{)/ri) approaches unity 
the greater the resolution. Thus, ideally the 
transfluxor major aperture should be struc­
tured so that rO/ri is as close to unity as pos­
sible. 

Also as nonlinearity increases (Le. p ~ 1) 
the resolution increases. This is advantageous 
for the frequency mode of operation since the 
DC voltage output of the memory is inversely 
proportional to the minor aperture flux avail­
able for switching-(memory output voltage 
,-' 1/0). The 1/0 dependence makes the mem­
ory output voltage a hyperbolic function of the 
major aperture control signal. By suitable con­
trol and choice of P it is possible simultane­
ously to improve resolution and to make the 
memory output linearly dependent on the ma­
jor aperture control signal. 

~ --------------------------------

1 

-------------------
4> 

Nj -

Figure 10. Variation of Major Aperture Stored Flux 
as a Function of Setting Resolution. 
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APPENDIX B 

Transfluxor Multivibrators 

Two-Winding Oscillator 

The circuit diagram for the two-winding 
transfiuxor multivibrator is shown in the sys­
tem diagram of Figure 3. The basic operation 
of the unit is discussed in detail in references 
13, 14 and 20, and consequently will not be 
described here. Two windings each with N 
turns are '\vound around the minor aperture, 
and the winding with N 1 turns is placed around 
the major aperture. A control signal applied 
to Nl changes the switching flux of the multi­
vibrator causing the frequency of oscillation 
to be a function of the magnetomotive force in 
the minor aperture windings N. If the major 
aperture is demagnetized the multivibrator 
operates at minimum frequency. When the flux 
state of the major aperture is equal to the satu­
ration flux of the minor aperture by applying 
a control signal of sufficient magnitude, the 
multivibrator operates on remnant flux alone 
at maximum frequency. 

U sing the prototype transfluxor described 
above with 25 turns and a supply voltage of 
12 volts, a frequency range of -250 KC to 1.0 
MC was obtained for the circuit of Figure 3. 

Single Winding Multivib1'°ator 

The single winding oscillator of Figure 5 
permits a reduction in number of minor aper­
ture windings and provides closer control over 

the collector current. As indicated in Figure 5, 
the single winding multivibrator is actually a 
clamped flip-flop with the single minor aperture 
winding N connected between the collectors of 
the transistors Ql and Q2. This circuit has 
yielded satisfactory results under widely vary­
ing conditions. For example with a clamp volt­
age V c = - 6 volts and N = 20 turns on the 
transfluxor minor aperture, a six volt square 
wave output was obtained over a 100 KC to 1 
MC frequency range. Typical output wave­
forms are shown in Figure 11. 

Frequency of Oscillation 

An expression for the frequency of oscilla­
tion of the single or two-winding multivibrator 
can be obtained by applying the definite inte­
gral form of Faraday's law to the transfluxor 
minor aperture winding. This operation yields 
the following expression for the frequency F-

where: 

F= V 
4NBsA 

(12) 

V = Voltage across the minor aperture 
winding volts 

N = Number of turns on single minor aper­
ture winding 

Bs = Saturation flux density of transfluxor 
core material-webers/meter2 

A = Cross-sectional area of minor aperture 
leg assuming the areas of legs 2 and 3 
are equal-square meters 

Figure 11. Typical Output Waveforms of Single Winding Transfluxor Multivibrator. 

Figure lla. Output Waveform From Q2 Collector; Frequency = 100KC; Scale; 
Amplitude = 5 Volts/CM; Time = 2 f-L sec/eM. 

Figure llb. Output Waveform From Q2 Collector; Frequency = 500KC; Amplitude = 

5 Volts/CM; Time = 1 f-L sec/CM. 
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Equation (12) is an approximate expres­
sion for the minimum frequency of the multi­
vibrator in the demagnetized state. Although 
the expression is idealized in the sense that it 
does not include the effects of such factors as 
switchover time, it is useful in estimating the 
minimum frequency of oscillation. For exam-' 
pIe, for the two-winding oscillator with V = 12 
volts, N = 25 turns, A = 1.61 X 10-6 square 
meters and Bs = 0.345 webers per square meter 
Equation (12) gives 220 KC for the minimum 
frequency as compared to the measured value 
of 250 KC. A similar calculation for the single 
winding oscillator with N = 20 turns and V = 
6v yields 90 KC for the minimum frequency as 
compared to 100 KC for the measured value. 
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THE USE OF A PORTABLE ANALOG COMPUTER FOR 

PROCESS IDENTIFIC,ATION,· 

CALCULATION AND CONTROL 
L. H. Fricke and R. A. Walsh 

Monsanto Company 
St. Louis, Missouri 

In the design and development of controlled 
processes there are two areas of intense activ­
ity-the theoretical simulation of the total 
plant and empirical simulations involving the 
collection of reliable experimental data to as­
sist in the construction of a special purpose 
model. The simulation of a newly proposed 
process, even from the best available theoreti­
cal basis, is usually only approximate. It re­
quires use of large and expensive computer in­
stallations, either analog and/or digital, so that 
by direct programming of the design criteria, 
the optimum plant operating conditions may be 
determined. However, even if such a model 
were extremely reliable (pilot plant) , the scale­
up problems are quite complex. In some cases, 
it might be well-nigh impossible to maintain 
the exact relationships between certain intrin­
sic parameters, surface tension, heat transfer, 
etc.-and, of course, few theoretical models 
can anticipate all the significant process char­
acteristics. As a result, many full scale plants 
are in need of partial redesign. The authors 
feel that techniques relying on plant data are 
indispensable for accomplishing this end. 

It is the purpose of this pa per to review 
some of the present in-plant techniques em­
ployed to determine both the static and dy­
namic characteristics and show how the results 
are used to select the correct process revisions 
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and achievable controller schemes for optimum 
operation. In particular, a newer method 
employing a portable analog computer to first 
determine system characteristics is described. 
Following an analysis of these results the 
method of reprogramming the computer to the 
proper controller characteristics is given. 

To make the example realistic and to avoid 
the criticism that the methods are impractical, 
a real system was studied and made part of 
the discussion. 

It is important to take a wide view to all 
aspects of the work here described. Thus the 
methods of procuring the basic data are simple 
and generally applicable to any physical sys­
tem. The procedure of reducing data and the 
representation of dynamic behavior as a La­
placian transfer function is both routine and 
commonplace to electronics or servomechanism 
engineers. These methods are easy to use and 
are equally applicable to any linear system and 
any nonlinear system within the bounds of the 
perturbations of interest. 

DATA COLLECTION SYSTEMS 

The heart of any experimental effort is the 
data collection apparatus. The sensing elements 
must be essentially free of any nonlinearities 
and dynamic delays so that a clear, accurate 
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diagnosis may be had. It is our experience that 
the best type of data collecting system (where 
possible) is multi-channel recording oscillo­
graphs coupled with very fast strain-gage 
transducers. Some of the distinct advantages 
of direct-writing analog recording are: 

1. The data collection system provides easily 
adjusted signal conditioning such as fil­
tering, suppression, and amplification. 

2. The collection system provides signals 
that can be easily utilized in continuous 
analog computer calculation such as ma­
terial balance, heat balance, etc. 

3. The quality of both static and dynamic 
process data can be evaluated immedi­
ately. 

4. The intuition of the testing engineer is 
strongly reinforced through the simul­
taneous observation of cause and effect. 

5. Information which was not anticipated at 
the time of the tests is frequently dis­
covered through subsequent studies of the 
records. 

6. Malperforming process components or 
systems can frequently be located quickly 
by visual inspection of the recordings. 

The ideal data system is one that combines 
the virtues of both analog recording and digital 
storage--the first to obtain information from 
a limited number of signals, the second to pro­
vide complete coverage and ease the burden of 
excessive data handling and computation. 

SYSTEM IDENTIFICATION METHODS 

Excluding those cases where the desired re­
lationships can be derived completely by mathe­
matical analysis, it is necessary to arrive at 
process descriptions by the analysis of input­
output pairs. To determine these relationships 
one must make a cortelation between the vari­
ables of interest under nor:fl1.al operating con­
ditions. One way of obtaining such a correla­
tion is to force a pertinent independent variable 
and observe the changes of its output. Another 
is to examine statistically auto and cross corre­
lations of the noise spectra of perhaps many 
inputs and their respective outputs. This latter 
technique is extremely time consuming and al­
though is theoretically superior for the analy-

sis of multi input-output systems, is definitely 
not recommended in practice. To date, few 
practical techniques have been developed for 
the process industries. 

One of the earliest methods of system char­
acterization was done by introducing sinusoidal 
fluctuations on the independent variables and 
measuring amplitude and phase ratio between 
the output and input for the series of fre­
quencies of interest. From this a linear de­
scription can be obtained in the form of a Bode 
plot or Laplacian transfer function. However, 
this method is found to be objectionable to the 
process industries for two main reasons-first, 
the order of delays and time constants may be 
as long as 2 or 3 days and the measurement of 
sufficient data points could very well take weeks 
to several months and second, the perturba­
tions necessary to obtain a good signal to noise 
ratio might very well tend to undulate the 
process deleteriously for too long a time. 

Another of these methods, and one recom­
mended in practice by J. O. Hougen, is the pulse 
technique. In this procedure, independent vari­
ables are disturbed with a closed input pulse 
of rectangUlar, displaced cosine, ramp or any 
other shape that will have sufficient harmonic 
content to excite the pertinent frequencies of 
interest. The unknown particular output is re­
corded simultaneously with one driven input. 
These input-output pairs are then reduced to 
a frequency response form by numerical evalu­
ation of the ratio of Fourier transforms. Thus 
the performance function relating one pair is-

J+OO e-jOltf(t) outdt 

- 00 
PF = --------

J+OO e -jOltf (t) i ndt 

-00 

which will yield an amplitude ratio and phase 
angle for different preselected values of w. 

Care must be exercised both in conducting 
the plant tests and in reducing the data. If 
pure time delay is present as indicated from 
time history records, it should be removed by 
shifting the time axis prior to data processing. 
Hysteresis is a more difficult nonlinearity to 
handle and its effect on the results of pulse 
testing have not been thoroughly explored. 
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In any event, where permissible, the results 
of the reduction of pulse data are most con­
veniently presented as a Bode diagram, with 
amplitude ratio and phase angle plotted versus 
frequency. Figure 1 shows the comparative 
results of pulse testing and sinusoidal testing 
of a shell and tube heat exchanger. 

Generally it is useful and instructive to de­
rive a linear model which will describe the fre­
quency response data. This is done by finding 
a combination of linear Laplacian forms which 
will reproduce the data as a Bode plot. 

This procedure of fitting a linear model to 
the data of a system known to be nonlinear 
has been found, in our experience, to be ex­
tremely useful and is usually sufficient to per­
mit subsequent synthesis of the correct control 
system. A single model is not expected to be 
valid for all levels or modes of operation of a 
process whose behavior changes drastically as 
the operating levels are altered. However, 
within a small range of normal operating con­
ditions, these simple models have proved to be 
very useful and adequate for the purposes in­
tended. 

There are several advantages to this 
method-for one; the time required for the test 
is reduced to a minimum becam~e only one dis-
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Figure 1. Comparison of Frequency Response Data 
Obtained by Direct and Pulse Testing Methods. Tube 
and Shell Heat Exchanger. Input: Water Valve Stem 
Displacement. Output: Effluent Water Temperature 
- • and 0 from Pulse Test; A and T::::J from Frequency 
Test. Source: Lees, S., and Hougen, J. 0., Industrial 
Engineering Chemistry, 48, 1058 (1956). Frequency 
Test Data Supplied by S. H. Goodhue, Foxboro 

Company. 

turbance is required instead of a series of sinu­
soids. Another is that the plant can remain in 
the normal operating mode with little or no 
production time loss. 

Conversely, there are some disadvantages­
it is usually necessary to have available a large 
digital computer to generate the Fourier trans­
form pairs, so the test engineer will not spend 
the major part of his time deriving the trans­
forms by hand. Another is the degree of uncer­
tainty involved in transforming chart readings 
by hand to digital data sheets, or if one wishes 
to be more sophisticated, the use of an analog 
to digital converter device to feed the computer. 
A third disadvantage is the necessity of fitting 
the resulting Bode plots to curves describing 
known linear models. 

Still another approach to this problem of 
deriving simple linear models characterizing a 
controllable process is to augment the pulse 
approach by utilizing an analog computer pro­
grammed with a preselected set of general mod­
els with adjustable coefficients. The scheme of 
operation here would be to pulse both the inde­
pendent variable input and the proposed model 
and then to compare the process and model 
outputs. A similar device has been marketed 
by the vVayne Kerr Company and is called uThe 
Transfer Function Computer." The disadvan­
tage of such a system in present state develop­
ment has been the interdependence of the 
coefficients. Once one coefficient has been ad­
justed so that the best agreement of process 
and model has been attained; upon proceeding 
to adj ust the second coefficient one discovers 
that the first must be readjusted again to fur­
ther minimize the difference between process 
and model, and so on. To overcome this inter­
dependency of the coefficients, 3, 4, 5, consider­
able work has been done to derive process 
identification models in a specific way. These 
models are described technically as orthonor­
mal polynomials. A short discussion of the 
principles developed in the above references 
follows. 

Consider a linear, stable process whose dy­
namic characteristics are unknown. This open 
loop system may be described diagrammati­
cally: 

X(t)-----I~----·y(t) 
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where x (t) is the input to the process, y (t) 
the process output, and g (t) the process im­
pulse response function. 

Similarly, associate with the process a model 
by the same input as follows: 

x (t) ------II h (t) II-----w (t) 
where x (t) is an identical input to the model, 
w (t) is the model output, and h (t) the model 
impulse response function, which will be ad-
;l1e!tarl ;n e!lH''''' ':I 'UT':I"tT ':Ie! to Tl'HJlz-a UT{t\ ':Ie! TVlllt>h J ..... u"''''''''''' ......... u ..... "" ........... .,..,. IL4I'J ~It.,] 1J'\J ...... ..L""' ..... "" ." \ "I ~tr..J' ......... '-'L""' ...... 

like y (t) as possible. 

N ext, combine y (t) and w (t) through a sum­
ming device 

e(t) = y(t) - w(t) 

where e (t) is called the error signal. The error 
signal is squared and integrated, allowing a 
continuous evaluation of the following equa­
tion: 

= f~ [y(t) - W(t)], dt Eq. 1 

o 

I t is desired to adj ust the model in a systematic 
manner such that lEI will be minimized. If the 
input is a pulse, one may write 

X(j .. ) = f~ e-;w, x(t)dt 

and if g(t) and h(t) are stable, 

GO.,) = f~ e-;w, g(t)dt 

H(j .. ) = f~ e-;w, h(t)dt 

where G (jw) is the transfer function of the 
process and H (jw) is the transfer function of 
the process and H (jw) is the transfer function 
of the model. After considerable manipulation, 
Equation 1 is transformed as follows: 

I E I = -.!..f +00 I X (j w) 12 1 G (j w) - H (j w) \2 d(1l 
271" 

-00 

Eq.2 

where 
IX(jw) 12 = X( -jw) • X( -jw) 

and 

IG(jw) - H(jw) 12 = IG(jw) - H(jw) I • 

IG( -jw) - H( -jw)/ 

Equation 2 will be used to generate H (jw), the 
frequency analog of h (t). Now let 

n 

H (jw) = ~ aj Ki (jw) Eq.3 
j = 1 

If Equation 3 is substituted in Equation 2, it 
can be shown that a sufficient condition for lEI 
to be a minimum and that the aj in Equation 3 
to be noninteracting is for the Ki (jw) to be 
orthonormal. The restrictions produce 

aj = ~f+oo Re IG( -jw) • Ki (jw) 1 

271" 
-00 

I X(jw) 12 dw Eq. 4 

Equation 4 illustrates the dependence of the at 
on input, model, and process. If the input is 
measured with care, the adjusted ai will insure 
a good representation of the process if the 
Ki (jw) 's are chosen properly. In the following 
the jw will be replaced by the Laplacian opera­
tor s in order to obtain more conventional 
forms. Three orthonormal functions have been 
constructed from functions of the type: 

P j (s) = Va (1 - as~ i Eq. 5 
(1 + as)l +1 

Research in this area may be considered as 
an offshoot of ideas originating largely with 
the late Norbert Wiener and A. N. Kolmo­
goroff4 who were responsible for three crucial 
phases of the present work: the discovery of 
a convenient form for representing the dis­
crepancy between process and model in the 
time domain, the conversion in the time domain 
to equivalent integrals in the frequency do­
main, and the introduction of orthonormal 
functions as an aid to minimizing the discrep­
ancy of process and model. 

To date, we have derived two sets of ortho­
normal polynomials to construct models of the 
general form H (s) = a1K1 (s) + a 2K2 (s) + 
aaK3 (s). These are: if T equals unity-

1 - s 
K1 (s) 1 + 2s + S2 
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K3 (s) 

1 - 3.8266s + 2.8277s2 
1 + 3s + 3s2 + S3 

1 - 2.5841s + 4.407s2 - 2.823s2 

1 + 4s + 6s2 + 4s3 + S4 

and if in Eq. 5, V-;; = 1 and let i be 0, 1, 2: 

1 

(TIs + 1) (T2s + 1) 

(1 - TIs) (1 - T2s) 
K3 (s) = ----------­

(TIs + 1) (T2s + 1) (Tas + 1) 

The first set of the above was made ortho­
normal to the input weighting function of a 
rectangular input pulse of duration of T /2. If 
the duration of the unknown output is long 
compared to the extent time of the input pulse, 
the second set of polynomials may be substi­
tuted for the first. The second set has been 
used to find simple models of flow systems and 
other processes. The diagram of the functional 
scheme is given in Figure 2. 

In actual practice, the values of a l and T 1 

are first adjusted for a minimum time integral 

the model output, then a2 and T2 are adjusted, 
and still later, a3 and T 3' When the best fit is 
obtained by observing the time histories of both 
the unknown and model to the pulse input along 
with the value of the integral, the coefficients, 
a h T h a2, T 2, as, and T 3 are read out and a sim­
ple expression is obtained for the input-output 
pair of interest. The results of the application 
of these to unknown transfer functions are 
shown in Figures 3 and 4. Figure 4 shows how 
transport delay times can be handled-that is, 

X(t.) 

Figure 2. Functional Scheme. 

I-ro 

~2.5 

~ 
~2.0 

UNKNOWN TRANS~ER FUNCT'ON' 

.Q. = 3 -+ 25 
I ('+6.) ('Us) 

MODEL TRANS~ER ~UNCT'ON' 
.2",b.Q£.+ .978(1-6$) 
I 1+6$ (I +65)0 +4.s) 

o~~~~~--~~~~ __ ~ __ ~~~--~ 
o 10 12 l4 16 1& 20 22 24 26 28 

T'ME (SECONDS) 

Figure 3. Time Responses of Unknown and Best Model 
Values. Input Pulse 100 Units .2 Seconds Duration. 

the input pulse to the model is delayed so that 
the output of the unknown and the model will 
begin at coincident times. 

UTILIZATION OF PROCESS DATA 

Once it has been established that the simple 
linear model is sufficient to describe the process 
in the region of interest, it is routine to deter­
mine the correct values of integral action, pro­
portional action, and derivative action on a 
standard process controller. The methods of 
Bode and Black, Nyquist, root locus, etc. apply 
directly. 

lVIoreover, the open loop adaptive control 
function can be determined by establishing a 
simple linear model for different levels of oper­
ation. Thus, the necessary controller character­
istics for the entire set of model functions can 
be found as a function of these levels and with 
the application of these characteristics the 

Figure 4. Model Results for Unknown Containing 
Transport Delay. 
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process will always be operating at an opti­
mum. 

Chemical systems are almost always non­
oscillatory-that is, the transfer functions de­
scribing the dynamics are a series of time con­
stants in the denominator with real roots. This 
makes it very easy to formulate a procedure 
to obtain a slightly more damped close loop 
response than the one cycle quarter amplitude 
ratio, one and one-half overshoots, or minimum 
error squared criteria. Stability apart, this is 
done by setting the transfer function of the 
closed loop system with unknown controller 
constants equal to unity. and rewriting the ex­
pression in descending powers of s in numera­
tor and denominator. One then equates the 
coefficients of like powers and solves for the 
controller characteristics. 

The general controller characteristic equa­
tion used will be 

~=Ki + ~ + KIs 
ei s 

This type of control is easily simulated on 
the analog computer and is the one used in the 
following example. 

EXAMPLE 

In order to demonstrate the use of the or­
thogonal polynomials approach and still have 
something that is realistic, portable, and would 
utilize the repetitive operation mode of the 
analog computer, a system of two incandescent 
lights and photosensitive resistors was selected. 
The bulbs and photosensitive cells were ar­
ranged in two compartments of a box with 
each cell looking at a bulb. 

This system of lights was selected as an 
example in preference to other applications 
(flow or pressure control) of this technique to 
chemical processes, and was from the begin­
ning designed to be a part of a portable en­
semble demonstrated to engineering groups. 
Many of the dynamic characteristics of actual 
chemical systems are exhibited by the incan­
descent lamp-photoresistor combination. 

In this "process" the first bulb is operated 
at a constant light level as adjusted by the 
steady-state output of a computer amplifier. 

The first photocell "looks" at this bulb's light 
output and is arranged to diminish the second 
bulb's input for an increase in the light it 
senses. The second photocell is arranged in a 
circuit to give an output proportional to the 
intensity of the second bUlb. The light from the 
second bulb is isolated from the first photocell 
so that no system instabilities can exist. Thus, 
when the first bulb is pulsed, the second photo­
cell produces an output change depending on 
the direction, gain, and dynamics of the whole 
_____ L ! ___ L! _ __ m1_ _ _ ___ 1 _ _ .J! _ ___ _ __ .e _ __ L 1_ _ _ •• 

l:UIIlUlIlaHUIl. .lIle allalug ulagrall1 .lur Llle £1.1-

rangement is shown in Figure 5. 

If one were to try to consider the simulation 
of the dynamics of the system, the simulation 
might be as follows: 

Each light bulb: 
Power in (Pi) = Power radiated (Pr ) + 

Power absorbed (P a) + Power conducted 
away (Pc) 

Thus: 

Ein2 
_ K 4 dT T ) R - 1 et T + K2 mcp dt + K3 (T - room 

INTEGRAL ERROR SQUARED 

Figure 5. Computer Diagram During Process 
Identification. 
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et Emissivity of tungsten 
R = p(l + aT) 
KJ Stefan-Boltzmann Constant 5.67 X 10-8 

vvatt/meter2/oK4 

m Mass of Filament 
cp Heat Capacity 
K3 Coefficient of Conductivity 

or 

dT E ·2 In ---------
dt p(l + aT) K2mcp 

K1 et T4 K3 (T - Troom ) 

K2 mcp 

Each photocell: 
Upon consultation of the manual on CdS 

photoconductive cells, 7, one vvill see that there 
is a response time associated vvith the output 
current vs. the change in light level. These 
curves shovv that this apparent time constant 
is not constant vvith level or past history but 
a definite function of the history. 

Thus it might be expected that the "system" 
vvill be at least fourth order. 

To determine the "transfer function" experi­
mentally, vve vvill use the analog computer to 
pulse the first light, observe the "process sys­
tem" output. N ext, pulse the input to the 
orthogonal model, observe its output, and com­
pare the differences betvveen process and model 
output on an integral error squared basis. The 
orthogonal set programmed on the computer is : 

o a1 a2 (1 - TIs) 
-- + + 
I T1s+1-(T1s+1)(T2 s+1) 

a3 (1 - TIs) (1 - T 2 s) 

(T1 S + 1) (T2 s + 1) (T3 s + 1) 

When the steady-state level of the lights is 
80 volts and the input pulse height to the !In­
knovvn is 10 volts, the values of the coefficients 
aI, a2, a3 and T 1, T 2, T 3 vvere found to be: 

For an increasing pulse For a decreasing pulse 

a1 = 3.13 
T1 = .0543 
a2 = .657 
T2 = .0063 
a3 = .579 
Ts = .0067 

a1 = 3.29 
T1 = .0538 
a2 = .892 
T2 = .0081 
as = .632 
Ts = .0075 

A static measurement at 80 volts with an in­
put change from 79 to 81 volts gives a gain 
of 4.7. Other values for the orthogonal model 
constants at different operating levels are given 
in Table I. 

The values in Table I can be used in the gen­
eral expression of the model, and a "transfer 
function" vvritten for each case. These are 
shown in Table II. Inspection of the numerator 
of each expression in the orthonormal column 
might lead one to think that the s terms are 
part of the e-Ts series. Thus, ignoring the valid­
ity of the sign of the 82 term in some cases, the 
function might be written as shown in the 
exponential columns of Table II. Typical time 
histories of the application of this technique to 
the "process" are shown in Figure 6. 

In process systems, the controller most always 
follows the error device being placed before the 
process in the forward loop. Thus, the form of 
the closed loop function is always 

~ (s) = Gc Gp 

I 1 + Gc Gp 

The above can be rearranged into the form: 

aSn + Bsn-l + . . . . . 1 
Asn + Bsn-l + . . . . . 1 

If we then set this expression equal to unity, 
and require that the models of the same be 
unity for all s, then, vve must equate coefficients 
of like powers. 

TABLE I. ORTHOGONAL MODEL 
CONSTANTS AT DIFFERENT 

OPERATING LEVELS 

. Level * Model Constants 
(Lamp 
Volts) a1 T1 sec. a2 T2 sec. as Ts sec. 

40 52.2 .102 29.0 .040 2.78 .0073 

50 31.2 .077 21.8 .033 1.77 .0086 
60 10.78 .055 7.46 .024 .596 .0024 

70 3.86 .041 3.00 .019 .368 .0069 
80 3.13 .054 .657 .0063 .579 .0067 
90 1.29 .043 .397 .0059 .208 .0075 

* Steady-state value of supply voltage with a rec-
tangular pulse of + 10 volts for 20 milliseconds dura-
tion input disturbance in each case. 
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~90 using the data of Table II. These are shown in 
~ Table III. 
~ 
~ao 

..J 

~ 
~1.25 

~ .. "" 

The analog computer was used as a check of 
these values. The diagram is shown in Figure 7. 

~o~O-.O~I--.~ro~~~~5--.~07--~.OV~-.~"--~.I~~-.~i~--;'.,,~ 
TIMECSECOND!5) 

Equating like coefficients will often give a 
transient response slightly more damped than 
the integral error squared or the integral ab­
solute value criteria. This is not a deterrent 
to the application of the technique to chemical 
processes, because in most instances the process 
is quite noisy and very tight control is probably 
impossible. 

Figure 6. Typical Time Histories of Example 
Application. 

Close examination of Table III suggests that 
the controller parameters K j , Kp and Kt be 
made some function of the level of operation. 
Logarithmic plots of these functions demon­
strate that there is approximately the same 
relative changes in each parameter for changes 
in the level (Le., the controller constants cal­
culated in each case are essentially only a func­
tionof the open loop gain). In the example 
cited, the approximate function of operating 
level compensation is to interpose in the error 

Thus, if the process is of the same order as 
the controller, it is possible to completely com­
pensate the system. If, however, as is the 
general case, the process order is higher, astute 
judgment must be used in selecting the pre­
dominate quantities. The values of Kh Kp and 
Kt at different levels can be calculated this way 

TABLE II. THE APPROXIMATE LAPLACE FORMS OF THE MODEL FUNCTIONS 

Level * 
(Lamp 
Volts) 

40 

50 

60 

70 

80 

90 

* As in Table I. 

Functional 

Orthonormal Exponential 

84 (1 - .012s + 5.9 X 10-5S2 ) 84 e-·01S 

(.102s + 1) (.04s + 1) (7.3 X 10-3s + 1) (.102s + 1) (.04s + 1) (7.3 X 10-3s + 1) 

55 (1 - 7 X 10-3s - 2 X 10-5S2 ) 55 e-· 007S 

(.077s + 1) (.033s + 1) (8.6 X 10-3s + 1) (.077s + 1) (.033s + 1) (8.6 X 10-3s + 1) 

19 (1 - 8 X 10-3s + 2.2 X 10-5S2 ) 19 e-·008S 

(.055s + 1) (.024s + 1) (2.4 X 10-3s + 1) (.055s + 1) (.024s + 1) (2.4 X 10-3s + 1) 

7.2 (1 - 3.4 X 10-3s - 7.8 X 10-6S2) 7.2 e-·003S 

(.041s + 1) (.019s + 1) (6.9 X 10-3s + 1) (.041s + 1) (.019s + 1) (6.9s + 1) 

4.4 (1 - 5.8 X 10-3s + 2.1 X 10-5S2) 4.4 e-·006S 

(.054s + 1) (.0067s + 1) (6.3 X 10-3s + 1) (.054s + 1) (.0067s + 1) (6.3 X 10-3s + 1) 

1.9 (1 - 3.7 X 10-3s - 9.6 X 10-6S2 ) 1.9 e-·004S 

(.043s + 1) (.0075s + 1) (5.9 X 10-3s + 1) (.043s + 1) (.0075s + 1) (5.9 X 10-3s + 1) 
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TABLE III. VALUES OF CONTROLLER 
CONSTANTS FOR VARIOUS 

OPERATING LEVELS 

Controller Constants 
Level * 

(Lamp Volts) Ki Kp ~ 

40 .11 .017 .0005 
50 .24 .026 .0006 
60 .96 .076 .0010 
70 3.40 .203 .0030 
80 4.20 .260 .0020 
90 12.00 .620 .0040 

* For an increasing 10 volt step. It is possible to 
experience instability when the same values are used 
with a decreasing step. 

signal a gain change equal to .0014 eL
/

10
, where 

L is the lamp level in volts. Coupled with this, 
the fixed controller values are to be adjusted to 
Ki = 12, Kp = .62 and ~ = .004. This will give 
good control at all levels of operation without 
readjustment. 
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PROGRESS OF HYBRID COMPUTATION 

AT UNITED AIRCRAFT RESEARCH LABORATORIES 
Gerard A. Paquette 

United Aircraft Research Laboratories 
East Hartford, Connecticut 

INTRODUCTION 

Many of the present day simulation problems 
utilizing analog equipment exclusively require 
large, expensive computing facilities. The non­
linear calculations involved in modern simula­
tions require a large portion of the all analog 
system. Increase in operation speed and reli­
ability coupled with reduction in purchase cost 
have made the digital computer desirable for 
these nonlinear computations. 

Prior to the end of 1962, the analog facility 
at United Aircraft Research Laboratories con­
sisted of two large analog consoles, one small 
analog console, and associated analog equip­
ment with emphasis on nonlinear devices. At 
this time, several problems required all of this 
equipment combined. 

In hopes of improving the operation and 
capacity for highly nonlinear simulations, a hy­
brid facilityl was added toward the end of 
1962. This consisted of a general purpose digi­
tal computer, a D.C. analog computer, and in­
terconnecting linkage. The hybrid system is 
presently being used to simulate V/STOL air­
craft, aircraft,2 engine, and space systems in 
real time. An example, Single Rotor Helicopter 
Simulation, is discussed in this paper. 

Initial plans for the .hybrid facility were to 
use the digital computer for most nonlinear 
functions and the analog computer for dy­
namics. As time progressed, advanced tech-

695 

niques were developed to permit further digital 
application. These techniques include compen­
sating calculations for sampling delay and 
practical integration schemes.3

- 5 Thus in some 
systems presently simulated at United Aircraft, 
most or all computation is becoming digital. 

In addition, the digital computer is used to 
support problem preparation and modification. 
Utility programs permit procedure and data 
changes from paper tape, typewriter, or digital 
scope and light pen input. 

THE UNITED AIRCRAFT HYBRID 
FACILITY 

Analog 
A Beckman Ease 2133 Analog Computer is 

assigned to the hybrid installation. Its comple­
ment of equipment emphasizes linear analog 
operations in the expectation that the digital 
computer will process most nonlinear calcula­
tions. The computer contains 100 operational 
amplifiers, 150 potentiometers, 20 time division 
multipliers, 10 quarter square multipliers, and 
20 II-segment, diode function generators. 

Auxiliary equipment includes a DO /IT 
(Digital Output/Input Translator) which per­
mits typewriter control of pot setting and com­
ponent reading. A digital voltmeter is used for 
component reading through the DO/IT or by 
itself. A digital clock, part of the analog sys­
tem hardware, is available for mode timing. 
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Mode switching is provided by reed relays to 
permit rapid, repetitive operation. 

Digital 
A Digital Equipment Corporation PDP-l 

Computer was selected as the best compromise 
of capacity, speed, and cost among 1962 com­
puters useful for hybrid application. This com­
puter resembles the TX-O computer at M.LT. 
which has been used for real time simulation.2 

The PDP-l is a single address, single in­
struction, stored program machine with a word 
length of 18 binary bits. Basic memory con­
tains 4096 words with a memory cycle time of 
5 microseconds. Instructions available permit a 
wide range of logical operations and fixed-point 
arithmetic. Instruction execution requires 5 to 
10 microseconds for most operations. MUltiply 
and divide average 20 and 30 microseconds, 
respectively. These speeds would permit execu­
tion of approximately 2000 instructions in a 
program providing 50 solutions per second. 

Input/output devices include analog linkage, 
typewriter, paper tape reader, paper tape 
punch, and digital scope. The photoelectric 
tape reader accepts eight level punched tape 
at a rate of 400 characters per second. The 
tape punch provides output at 63 characters 
per second. 

An incremental digital scope can be used to 
display graphical and/or alphanumeric infor­
mation. Various scope modes permit display 
of points, incremental data, vectors, or charac­
ters. Writing speeds vary from 35 microsec­
onds per point in point mode to 1.5 microsec­
onds per point in vector mode. 

A 2048 word memory is used with the scope 
to maintain a fixed display while the computer 
is operating independently. The scope memory 
includes hardware to permit programmed char­
acter generation. Data transfer from the com­
puter to this memory can be made as desired 
to modify the display. 

Light pen input to the computer is available 
from the scope. On sensing light, the pen inter­
rupts the computer and display sequence. The 
current scope coordinates can be read to locate 
the pen after the interrupt. 

A real time, digital clock is included for tim­
ing of digital computation cycles. Two modes 

of clock operation are used over a time range 
of 10 microseconds to 13 seconds. In one case, 
the clock can be preset to interrupt the pro­
gram at a desired time interval within the 
above range. In the second case, the clock can 
be used as a data source with clock clearing 
and reading under program control. 

Computer Linkage 

The linkage system can be divided into two 
distinct parts: the computing linkage and the 
control linkage. The computing linkage in­
cludes both data and logic converters from each 
computer to the other. All converters are under 
digital program control. 

Computing data linkage includes 20 digital­
to-analog and 20 analog-to-digital conversion 
channels. These utilize a word length of 14 
binary bits corresponding to an analog range 
within plus and minus 128 volts. The 14 bit 
word provides a resolution of 1 part in 16,384 
which is consistent with analog accuracy. 

Digital-to-analog converters were designed 
and built at United Aircraft. The data word 
from the digital computer is transferred to a 
14 binary bit, flip-flop buffer storage; analog 
gates; resistor network; and an operational 
amplifier. Programmed data transfer to the 
converter buffer requires 5 to 15 microseconds 
depending on the initial location of the data 
word. Overall conversion speed is primarily de­
pendent on the response of the output amplifier. 

Analog-to-digital conversion equipment con­
sists of a Packard Bell, 20 channel multiplexer, 
a sample and hold amplifier, and a Multiverter. 
Programming sequence includes three instruc­
tions: select-multiplexer-channel, convert, and 
read-converter-buffer. The select-multiplexer­
channel instruction addresses the analog input 
to be connected to the sample and hold. A delay 
of at least 15 microseconds must be pro­
grammed before the convert instruction to per­
mit mUltiplexer switching. On execution of the 
convert instruction, the sample and hold enters 
hold mode in which it will remain until conver­
sion is complete. The Multiverter converts the 
analog voltage one bit at a time and stores the 
resulting binary word in its buffer. Conversion 
requires approximately 75 microseconds. The 
conversion can be programmed for automatic 
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computer delay or the time can be made avail­
able for computation. The read-converter­
buffer instruction transfers the data word into 
the computer. Overall analog-to-digital conver­
sion time is 90 microseconds. 

Logic linkage includes 4 digital-to-analog and 
8 analog-to-digital conversions. The digital-to­
analog logic converters permit program control 
of single-pole, double-throw relays at the ana­
log console. A ground or open circuit at the 
input of each analog-to-digital logic converter 
sets a digital status bit to one or zero, respec­
tively. 

The control linkage allows the PDP-l to set 
analog computer modes and operate or monitor 
all DO lIT functions. A single instruction cor­
responds to each analog computer mode. Ex­
isting modes at the analog computer set desig­
nated bits of a status word in the PDP-l to 
close the information loop. 

For DO lIT operation from the PDP-l, char­
acter codes similar to those of the DO lIT's own 
typewriter can be transmitted to and from the 
DO lIT hardware. The digital program can 
then become a replacement for this typewriter. 

HYBRID APPLICATION AND 
PREPARATION 

Real time simulation has long been associ­
ated with the analog computer. Preparation 
and modification of the circuit diagram, patch 
board, and potentiometer values is rapid. Im­
provements in analog components and automa­
tion of set up procedures have advanced analog 
computing capability. However, as the operat­
ing ranges of modern physical systems have in­
creased, the simulation nonlinearities and accu­
racy requirements have grown. Dynamically, 
we still handle problems in 6-degrees of free­
dom but the needs for variable products, trigo­
nometric functions, arbitrary functions, and 
other nonlinearities have increased to the point 
where the parallel analog system requires too 
many expensive, and sometimes insufficiently 
accurate, devices. 

Application 
The hybrid facility consists of digital and 

analog devices and uniting linkage. The prob­
lem equations are divided between the two com-

puters to take advantage of the capabilities of 
each device4

, 5 as indicated in Table 1. 

The analog equipment is generally used for 
dynamics, implicit algebra, and simple diode 
controlled nonlinearities though the digital can 
often be extended into these areas as well. The 
evaluation of nonlinear operations, especially 
arbitrary function generation, is the primary 
application of the digital computer. 

Analog signals are repetitively sampled by 
the analog-to-digital converters, operated on by 
the sequential digital program, and transferred 
to the analog through the digital-to-analog con­
verters. The controlling factors in determining 
the operations to be performed digitally in­
clude: 

1. Digital memory available for program 
and data 

2. Conversion channels available to link the 
computers 

3. Time permitted for each sample-calculate-
output cycle 

The quantity of digital memory and conversion 
channels to be provided is determined from a 
rough attempt at designing existing problems 
intI') tho huh'l"i£l <;!u<;!tOl'Yl 
..I...&..&.""V \,I.I...&.'-' .I..LJ r-J..L..I..'-4 UJ Uvv..l...L.I.. 

Digital program cycle time is usually the pri­
mary limiting factor. The sample-calculate­
output cycle presents a fictitious time delay to 
the simulation and must be sufficiently short 
relative to the periods of the real system. Some 
advance knowledge of the frequency spectrum 

TABLE 1. TYPICAL USES FOR EACH 
COMPUTER OF THE HYBRID FACILITY 

Analog Computer 

Time Integration 

Constant by Variable 
Products 

Implicit Calculations 

Limits, Dead Zones, 
etc. 

Flight Simulator 
Coupling 

Digital Computer 

Arbitrary Function 
Generation 

Variable by Variable 
Products 

Trigonometric Calcu­
lations 

Logical Control 

High-speed Display 
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of the real system is generally available but 
the delay influence is best determined experi­
mentally. Application of the digital to the 
lower frequency portions of the problem allows 
lower point rate and more digital operations 
per cycle. Use of the digital in the higher fre­
quency areas can be permitted if the fewer 
calculations available are more significant in 
their corresponding analog representation. 
Some problems require application of the digi­
tal computer to portions with different fre­
quency band"widths. For optimum digital 
utility, time sharing of the separate sample­
calculate-output cycles can be provided by the 
program. 

As an example of selecting initial cycle time, 
a reasonable choice is to use one-hundredth of 
the shortest period of interest. This would pro­
vide a phase error of less than four degrees at 
the selected frequency. The time delay error 
can be further reduced by corrective measures 
discussed below. 

Effects of the sampling rate obtained with 
the digital program are tested experimentally, 
The nonlinear nature of most simulations does 
not permit easy evaluation and comparison of 
damping factors, frequencies, etc. A number 
of scattered dynamic test cases are run at real 
time. These are repeated with the analog time 
constants increased or with dummy time delays 
added to the digital program to represent rela­
tive slowing or speed-up. This form of com­
parison is also useful to indicate future 
capabilities of the digital. Final problem veri­
fication also includes, whenever possible, the 
simulation of a known vehicle and comparison 
with flight test before extrapolation to an 
advanced vehicle. 

Preparation 
The preparation of the digital program6 is 

quite similar to preparing the analog circuits, 
as seen in Figure 1, except that a different lan­
guage is used. Similar data scaling operations 
exist in preparing the problem for either com­
puter. Digital program sequence is linear, sac­
rificing space in order to avoid time consuming 
subroutine linkage. Symbolic, machine lan­
guage is used in describing the operations to 
be performed and the locations of the infor­
ma tion in memory. Basic routines such as sine, 

MODIFY PLUGBOARD I>NJ 
CHANGE POT SETTINGS 

Figure 1. Problem Preparation for the Computers of a 
Hybrid Facility. 

arctangent, function interpolation, square root, 
etc. are available as building blocks for the pro­
grammer. The symbolic information is con­
verted to computer language by an assembly 
program.i Our experience at United Aircraft 
has shown the digital programming to be easily 
mastered by the same simulation engineers who 
design the analog circuits. The program can 
generally be prepared in the same amount of 
time as designing and wiring a corresponding 
analog circuit. 

Though somewhat slower than analog patch 
board changing, digital calculations can usually 
be deleted, inserted, or changed during on-line 
problem operation by program patching tech­
niques. To retain good system organization, a 
reassembly of the modified program is obtained 
after the simulation session. 

Digital data changes, including function 
curves, are more rapid than can be obtained at 
the analog. This capability is provided by aux­
iliary digital programs discussed later. 

Checkout of the digital and analog calcula­
tions is initially independent. Digital algebra 
and trigonometry are verified relative to the 
system equations with all logical branches inde­
pendently checked. Analog check is performed 
by applying static voltage to various portions 
of the problem and testing component output 
values or time constants. The digital checking 
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requires more time than analog because of the 
larger number of calculations usually per­
formed at the digital. Typical checkout of the 
program has taken' from two to three 8-hour 
shifts. When each computer portion is inde­
pendently checked, the system is closed and 
conversion channels are checked for proper wir­
ing at the analog and proper timing at the 
digital. 

SOME DIGITAL TECHNIQUES FOR 
SIMULATION 

Relative to the analog computer, the digital 
computer is a new element in real time simula­
tion and its application bears some examina­
tion. A few demonstrative techniques are dis­
cussed below. 

Delay Correction 

The digital computer is generally applied in 
the area of calculation from the motions of a 
system to its derivatives. The digital output 
will remain fixed over each sampling interval 
and, though the analog integrations vary con­
tinuously with time, the analog will be read at 
discrete levels each program cycle. Each out­
put from the digital is dependent on data ob­
tained at the start of the progranl cycle and 
represents a delay of at least one cycle, T. 

Consider the time relations of a closed loop 
calculation involving one integration with digi­
tal feedback as shown in Figure 2. Initially, the 
digital computer should have cycled at least 
once before problem start to provide derivative 
output for zero time. The functional time 
sequence after the problem begins operation' is 
shown in Figure 3. Assuming the computation 
begins with the digital sequence at the start of 
a cycle, the variable read at zero time will be 
used to compute the derivative output at time 
T. Likewise, the variable at time T will lead to 
derivative output at 2T. Thus the analog re-

x 

Figure 2. Typical Computer Application. 
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Figure 3. Function Timing Without Delay Correction. 

ceives data one cycle time behind true time and 
must integrate this constant data until the com­
pletion of the next digital cycle. 

x(nT) = x(nT - T) + Tx(nT - 2T) (1) 

n = 1,2, ... 

Higher order analog integration is affected in 
much the same manner. Two integrators in 
sequence would operate as in equation (2). 

T=~ 
x(nT) = x(nT - T) + -x(nT - 2T) (2) 

2 

The effect of digital delay can be reduced, 
where necessary, by extrapolating problem 
variables forward one sample interval. The re­
sulting influence, illustrated in Figure 4, 
changes Equation (1) to the form in Equation 
(3) . 

x(nT) = x(nT - T) + Tx(nT - T) (3) 

The order of extrapolation used provides a 
trade-off between accuracy of function fit and 
time for calculation and data handling. The 
simplest is linear extrapolation as in Equa­
tion (4). 

x(nT + T) = 2x(nT) - x(nT - T) (4) 

The parabolic form is shown in Equation (5). 

x(nT + T) = 3x (nT) -

3x(nT - T) + x(nT - 2T) (5) 

At zero time, the system is generally at rest 
allowing the variables at negative times to be 
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Figure 4. Function Timing with One Interval Delay Correction. 

equal to the variable at zero time, i.e., x (0) = 

x( -T) = etc. If initial derivatives are not zero, 
an iteration must be made to calculate the 
initial values at negative time and adjust the 
derivatives. 

Digital Integration 
An examination of Equation (3) above shows 

this to be identical to the Euler Forward Step 
Integration method used for time integration in 
digital computation. It is therefore possible to 
digitally simulate the operation of integration 
by this fast and easily programmed technique. 
Use of this method for more than a single 
integration in sequence must proceed from the 
last integration first. That is, 

x(nT) = x(nT - T) + Tx(nT - T) (6) 

then 

x(nT) = x(nT - T) + Tx(nT - T) (7) 

For two integrations, it is also possible to use 
Equation (8) which duplicates the equivalent 
analog integrations with digital feedback and 
delay correction. 

T2 
x(nT) = x(nT - T) + 2 x(nT - T) (8) 

For linearly fedback analog transfer func­
tions such as lags, damped second order net­
works, etc., a difference equation approach, 
discussed by Hurt, 3 can be used. By this tech­
nique, the Laplace transfer function is obtained 
and converted to an equivalent pulse transform 
from which a difference equation can be 
formulated. 

A rbitrary Function Generation 

Various digital techniques are available for 
evaluating function data. Among these are 
polynomial representations and table interpola­
tions. The table approach is useful for the 
arbitrary shapes of aerodynamic curves. How­
ever, searching for the table arguments is un­
desirable because of the execution time required. 

A direct fuinction look-up technique,S, 9 de­
scribed for bivariate functions in Appendix I, 
is used at United Aircraft. This method uses 
a table of function values taken at equispaced 
input arguments. The input intervals are 
scaled to permit use of a portion of the binary 
argument word as a table reference address 
and the remainder of this word as the linear 
interpolation ratio. 
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The use of a single argument interval often 
requires an excessively large data table to ade­
quately describe the function. Some reduction 
in table size can be accomplished by subdivid­
ing the function into regions with different 
argument modifying function to the problem 
argument, i.e., 

f(x) = g(h(x» (9) 

Function Algorithms 
Some calculations such as trigonometric or 

logarithmic functions can be reduced to poly­
nomial evaluations. A fast converging and rea­
sonably accurate polynomial algorithm is de­
sired. In general, Chebyshev polynomial fits/o 
for these functions satisfy this need; e.g., sine 
function for angle () over two quadrants 

sin () = 1.5706268x -

0.6432292x3 + 0.0727102x5 (10) 

2() 
where x =-

7r 

The results are accurate to within 0.012 % over 
the range of (), consistent with current day 
analog resolvers. Execution time in PDP-l 
computer averages 140 microseconds. 

I terated Functions 
Some computations require iteration in their 

evaluation. The square root is a typical exam­
ple. The square root can be obtained by using 
the Newton-Rhapson method for iteratively 
solving roots of equations.11 

(X2) 
-, -, + x(n) 
x(n) , 

2 
x(n + 1) (11) 

n = 1,2, ... 

A fixed number of iterations can be used with­
out convergence testing if the range of input 
variable change and accuracy of rooting are 
known. 

In simulation activities, the problem varia­
bles should not change by a large ratio from one 
program cycle to the next unless the variables 
are insignificantly small within the range 
scaled. If the successive input variables are 
within 0.5 to 2 times the previous values and 
the preceding root is used as the initial output 

estimate, four iterations of Equation (11) are 
known to provide less than 0.01 % convergence 
error. 

OFF-LINE DIGITAL SUPPORT 

Off-line, digital utility programs support 
the simulation from problem preparation 
through output presentation. This is especially 
important when problem turn around time is 
as frequent as eight hours, a common proce­
dure at United Aircraft. Typical utility pro­
grams are as follows: 

1. Assembly' and debugging12 systems for 
program preparation and modification. 

2. Coefficient generation programs6 for 
evaluating problem constants and potenti­
ometer settings from engineering data. 

3. DO/IT control programs1
;! (UAC-15, S. 

Sharpe and J. Miller) for potentiometer 
setting and component reading. 

4. Digital scope, arbitrary function display 
with light pen, curve modifier.14 

5. Digital scope display9 for graphically pre­
sented and alphanumerically identified 
time sequence, cross plot, or steady state 
data. 

Some .of these systems are discussed in more 
detail below. 

Coefficient Generator 
Equation coefficients used in the simulation 

mathematics are functions of parameters of 
the physical device and its environment. These 
parameters are part of the problem data lan-
guage used by the engineer and are often 
changed during a study. 

A digital program is used to compute the 
problem coefficients from the engineering pa­
rameters. All scale factors to be applied in 
converting coefficients to pot values for the 
analog computer or constants for the digital 
on-line program are included. Gain changes 
needed to adj ust the range of computed pot 
values are applied by the program. Range 
changes for digital constants are generally not 
required since the digital on-line program can 
be scaled for wider range than analog due to 
the one in over 200,000 parts resolution avail­
able. 
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Pot Setting 
With the control linkage between the digital 

and analog computers, it is possible for a pro­
gram to set analog potentiometers directly 
from the results of a coefficient generation pro­
gram. The settings can be made and checked 
faste:r ;)nd more reliably than by a human oper­
ator. If a failure occurs, the user receives a 
typed output indicating the difficulty. If gain 
changes are required, the digital program types 
the information. For pots requiring frequent 
gain changes, the digital-to-analog logic linkage 
can be used to switch gains under program con­
trol. 

Analog Check 
The digital control of the analog computer 

permits reading of all analog components. With 
this feature, a program (UAC-8, G. Paquette 
and J. Miller) has been developed for checking 
the analog circuits. This program accepts equa­
tions representing a static condition on the 
analog hardware. These are solved interpre­
tively and results are compared with analog 
components within specifiable tolerances. Er­
rors are typed out. Changes in analog cir­
cuitry or pot values can easily be updated in 
the check equations and data by typewriter 
control or direct input from the coefficient 
generator program. This system is discussed 
further in Appendix II. 

Function Display and Modification 
Curves used with the hybrid simulation are 

generally included in the digital calculation. 
The few, if any, remaining on the analog are 
still subject to the slow set up and change pro­
cedures typical of diode function generators 
even with servo set capability. 

Curves contained in the digital memory can 
be loaded from paper tape and changed by tape 
or typewriter input. In addition, the curves 
can be displayed on a digital scope individually 
or as maps for easy modification using the light 
pen. This technique permits the user to rapidly 
change function data without requiring a calcu­
lation of each point. 

OPERATIONAL HYBRID SIMULATION 

The Single Rotor Helicopter, Real Time Sim­
ulation sponsored by the Sikorsky Division, 

demonstrates an application of hybrid compu­
tation at United Aircraft. The simulation con­
sists of three basic portions. 

1. Fuselage aerodynamics, kinematics, and 
dynamics. 

2. Main rotor aerodynamics and dynamics. 
3. Fixed base, flight simulator. 

The total force, 6-degree of freedom, aircraft 
mathematics include computation of fuselage 
and tail rotor forces and moments as functions 
of air speed and direction. Along with main 
rotor components, these forces and moments 
are applied in computing linear and angular 
motions. Most nonlinear aerodynamic and kine­
matic calculations are obtained at the digital 
computer. Flight path and attitude integra­
tions are performed at the analog computer. 

The rigid, hinged blade main rotor dynamic 
degrees include blade flapping and azimuth 
speed. Force calculations, including effects of 
mach number and stall, are obtained over the 
blade span and rotor azimuth. The entire rotor 
computation, including dynamics, is performed 
at the digital computer. 

The flight simulator, used to study flying 
qualities and human factors, contains pilot con­
trols; instruments; and a Norden Conalog, arti­
ficial world, television display. The amount of 
data required is fairly large but the calcula­
tions are reasonably simple and contain few 
nonlinearities. In order to minimize the num­
ber of digital-to-analog converters required, 
these computations are performed at the analog 
computer. 

Auxiliary computation tools provide for 
rapid implementation of desired studies: 

1. A digital coefficient evaluation program 
to convert engineering data into the digi­
tal program constants and analog pot set­
tings. 

2. Automatic controls at the analog com­
puter to obtain aircraft trim at desired 
flight conditions. 

3. Digital scope, display programs for aero­
dynamic functions and dynamic output 
data. 

The digital computer provides the mathemati­
cal operations shown in Table II. 
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TABLE II. DIGITAL OPERATIONS FOR 
HELICOPTER SIMULATION 

9 Bivariate Functions 
2 Univariate Functions 

15 Trigonometric Functions 
2 Two-dimensional Coordinate Transforma­

tions 
2 Square Roots 
4 Time Integrations 

Numerous Term Products and Sums 

The digital program cycle time is 0.03 sec. pro­
viding five cycles of rotor calculation within 
each fuselage sample-calculate-output cycle. 
The rotor calculation is executed more fre­
quently because of the higher frequency range 
of the rotor system relative to the aircraft. 
Memory requirements for this program ap­
proach 4000 words for the simulation problem 
and its data. The simulation program, coeffi­
cientgenerator, and arbitrary function display 
occupy the same memory space and must be 
used independently. 

This problem, in a less sophisticated version, 
was once simulated exclusively with analog 
equipment. From this computer representation 
and estimates of the requirements for the ex-
pansion, the digital program alone replaces 
the following analog equipment: 

172 Amplifiers 
295 Coefficient Potentiometers 
118 Variable Products 
64 Arbitrary Function Curves 

The function curves each contain 32 points, 
representing 31 linear segments. Exact re­
placement with diode function generators 
would require192 11-segment units. 

The analog equipment presently utilized in 
the hybrid version is as follows: 

59 Amplifiers 
67 Coefficient Potentiometers 
16 Multipliers 
4 11-Segment Diode Function Generators 

An important distinction between the two 
systems, analog of the past and hybrid of the 
present, is the speed of set up and modification. 

The original analog system required an a ver­
age of four hours to set up and check out as­
suming approximately 40 function generators 
were set during the previous shift. Set up and 
check out of the hybrid system is less than 30 
minutes. Part of the time saving is due to the 
reliability of the digital computer and the re­
duction in analog components with a corre­
sponding reduction in the number of equipment 
failures encountered at check out. 

Static trim ~ata for the helicopter was ob­
tained from the original analog simulation; 
the hybrid simulation; and a highly sophisti­
cated, non-real time, performance program for 
IBM 7090. Relative to the 7090 results, the 
hybrid system produced values with one-fifth 
to one-tenth the differences exhibited by the 
original analog system. 

Time histories of pilot control and re~ultant 
helicopter motion were obtained from Sikorsky 
flight tests. The same pilot control motions 
were applied to the hybrid simulation. Good 
correlation with the flight test was obtained. 

FUTURE INDICATIONS 

Trends at United Aircraft indiCate the fu-
ture will find real time calculations processed 
more extensively by the digital computer. Con­
tributing to this trend are the following points: 

1. Considering the helicopter problem above, 
essentially two consoles of analog equip­
ment were replaced by a digital computer 
which costs significantly less tha,u one of 
these consoles. 

2. The digital equipment is highly reliable 
and it can be preventatively maintained 
during idle time. 

3. Once checked out, a paper tape of pro­
gram and data can be reloaded with high 
confidence in its subsequent operation. 

4. Set up by prepared program tapes is 
much faster than analog set up. 

5. Man-machine communication is improv­
ing with utility program support as dis­
cussed above. 

Some real time problems at United Aircraft 
have already become essentially digital. The 
growth of the helicopter problem has been typi­
cal of this trend. The original hybridization 
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utilized the digital computer only in calculating 
the highly nonlinear, main rotor aerodynamics. 

Competitively priced digital computers are 
now available with larger word size at effective 
speeds up to four times that of the PDP-I. In­
deed, computers with floating point arithmetic, 
a step toward solving the simulation scaling 
problem, are becoming available at reasonable 
cost and provide floating point operation faster 
than the fixed point calculation·of the PDP-I. 

ACKNOWLEDGMENT 

The author wishes to acknowledge the efforts 
contributed by members of the Analog Section, 
United Aircraft Research Laboratories, in de­
veloping the equipment and software tech­
niques summarized in this paper. 

APPENDIX 1. BIVARIATE FUNCTION 
GENERATION 

The desired function 

z = f(x,y) (12) 

is obtained by cross-linear interpolation within 
a table of function values. The function table 
is stored in memory without argument values 
in the following sequence: 

Zi,,= :(C~>(X"Y'») (13) 

where i, j = 0,1,2, ... 

The Yj arguments must be selected at equal 
intervals, tl.y, and the Xi arguments must be 
selected at equal intervals, Llx. Note that i and 
j can be obtained as: 

i= 
(Xi - xo) 

(14) 
Llx 

j = 
(yj - Yo) 

tl.y 
(15) 

The function interpolation for input argu­
ments X and y proceeds as follows: 

(
X - Xi ) zx, j + 1 = (Zi + 1, j + 1 - Zi, j + 1) _ + Zi, j + 1 

Xi +1 Xi 
(16) 

- ( y - Yj ) Z - (ZX,j+1 - Zx,j) _ + Zx,j (18) 
yj+1 Yj 

where Xi ~. * < Xi + 1 and Yj ~ Y < Yj + 1 

The data for interpolation can be obtained frorri 
the sequence (13) if i and j are computed. 
From (14), (15), and the bounds on X and y, 
above, 

j = I( x :xxo
) = ( Xi ~ "0 ) (19) 

I \ I \ 

j = I ( y :yY ° ) = ( y,:/ ° ) (20) 

where I denotes "integral part of." The loca .. 
tion of Zi, j is then 

loc (Zi, j) = loc (zo,o) + i + Lj (21) 

and further 
loc (Zi+l,j) = loc (Zi,j) + 1 

loc (Zi, j + 1) = loc (Zi, j) + L 
loc (Zi+l,j+l) = loc (Zi,j+l) + 1 

(22) 

(23) 

(24) 

The interpolation ratios in Equations (16) to 
(18) are obtained as the fractional parts left 
after i and j are removed in Equations (19) 
and (20). 

F(X:XXO) (X:XXO)_j 
= C~~_X~.) (25) 

F(Y:/O) (Y:/O) 
= C~+~ ~~,) (26) 

The table addressing operations described 
above can be computed more rapidly if the 
number of function values taken for each curve 
at constant y, the X interval, and the y interval 
are chosen as integral powers of 2; i.e., 

L = 2C (27) 
(28) 
(29) 

where C is a positive integer and Nand Mare 
positive or negative integers. The divisions in 
Equations (19), (20), (25), and (26) and the 
multiplication in Equation (21) are then re­
placed by word shifts about the binary point. 
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APPENDIX II. ANALOG COMPUTER 
SYMBOLIC SET AND DEBUG 

A group of three PDP-1 programs (UAC-8) 
provide problem checks for analog computer 
users. The program group includes an equation 
loader, an interpretive mathematical and logi­
cal equation solver, and an output printer or 
puncher. 

The user communicates with the analog 
check program by paper tape or typewriter 
using an equation language which defines the 
components of his computer and their relations. 
These equations may be defined directly from 
the circuit diagram by technical aide personnel. 

Analog computer components are denoted by 
a letter and a four digit address identifying 
the component type, console number, and com­
ponent address. Component types include am­
plifiers, function generators, servo mUltiplier­
resolvers, electronic multipliers, trunks, and 
potentiometers. In addition, dummy codes for 
switches, relays, test voltage, etc. are available 
for devices not read by DO lIT. All the above· 
components except potentiometers may ·be 
defined by equations relating to other compo­
nents. Potentiometers can be defined by nu­
meric value only. In addition to assigning com­
ponent or test values, numeric values are used 
to state gains, references, and function coordi-
nates. 

Mathematical or logical operations permitted 
are listed in Table III. 

TABLE III. OPERATIONS EXECUTED 
BY UAC-8 

Addition 
Subtraction 
Multiplication 

Division 
Square root 
Function interpolation or extrapolation 
Trigonometric operations sine, cosine, and 

arctangent 
Dead zone, symmetrical or not 
Limit, symmetrical or not 
Logical term control by greater or less than 

test as with operational relays 

A loading program is used to enter the equa­
tions and data from typewriter or paper tape. 
In addition, the user can change existing equa­
tions or add to the current check system with 
this loader. 

An interpretive equation solving program 
processes all mathematically defined compo­
nents. Equations to be solved must represent 
an open loop system as is common with static, 
initial condition, or hold testing procedures; i.e., 
equations are solved sequentially, not simul­
taneously. The order of equations presented is 
irrelevant as the program automatically deter­
mines the order in which solutions may be ob­
tained. Digitally computed values can be com­
pared with analog components within user 
specified tolerances. 

An output program provides typed solution 
values with their component codes. In addition, 
the output program provides the user with an 
optional punched or printed copy of his updated 
equation language. 
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A STROBED ANALOG D,AT A DIGITIZER WITH 

PAPER TAPE OUTPUT 
R. L. Carbrey 

Bell Telephone Laboratories, Murray Hill, New Jersey 

INTRODUCTION 

In a group doing research on communica­
tion techniques, a wide variety of analog sig­
nals are encountered which must be analyzed. 
The most effective general purpose tool avail­
able for carrying out the analysis is a high­
speed digital computer. Thus the problem of 
converting large quantities of analog data to a 
digital form suitable for use on the computer 
arises frequently. A number of high resolu­
tion anaiog-to-digitai converters which can 
handle data in the kilocycle range are com­
merciallyavailable, but the majority of signals 
to be analyzed are those with frequency com­
ponents in the range from a few megacycles 
up to a gigacycle or more. For these,ordinary 
real time A-to-D conversion cannot presently be 
used. 

Fortunately experiments in this range are 
usually set up in such a manner that the signals 
can be viewed on a sampling type oscilloscope 
which means that the high-speed signals must 
be repetitive in order to permit them to be 
sampled many times at some relatively slow 
rate. By designing a system which also per­
forms the analog-to-digital conversion on these 
oscilloscope samples and systematically stores 
the resultant binary codes in a memory cir­
cuit, the range of operations has been extended 
to include most of the signals which are en­
countered. A one-to-one correspondence be­
tween memory address and sample time is 
obtained by converting the memory address 
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codes to an analog voltage and using this volt­
age as the horizontal position signal for the 
sampling oscilloscope. 

The function of the digitizer is to convert 
either the direct analog signal or the strobed 
samples to a sequence of a selected number of 
twelve bit binary words. Twelve bit words 
permit resolving a full load signal to one part 
in 4096 or about 0.025 7c. These words are 
then stored in a coincident core memory with 
a capacity of 4096 words; so its address posi­
tions are also controlled by twelve digits. 
These are generated by a settable counter with 
six digits allotted to the X location of the 
memory and the remaining six to the Y loca­
tion. Ultimately the stored digital data is 
used to control a combination punch and type­
writer which punches the paper tape. This 
tape presently serves as the transfer medium 
between the digitizer and the digital computer. 
Ultimately, direct read-out to a magnetic tape 
is planned. 

Before punching is started, however, one 
should observe the results of the digitizing 
operation to determine whether the data meets 
the requirements for processing. Therefore, 
digital-to-analog convarsion is also included. 
The stored data can be displayed on the oscil­
loscope or an X-Y plotter. The results of 
se"veral related experiments can be stored for 
observation at one time, or one run can be 
divided into a number of small segments each 
of which can be examined in minute detail. A 
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lamp display section provides a visual indica­
tion of both address locations and data in 
digital form. 

The objective was to provide a digitizer which 
was both flexible in operation and compact 
enough to permit ready movement into the 
laboratory where the experiment was being 
run. To achieve this, the control problem was 
simplified by using three types of manual oper­
ation. The number of words in any sequence 
and their location in the memory is established 
by manually registering memory address start 
and end points. Octal thumbwheel switches 
are used. This same type of switch is used to 
manually set up any arbitrary binary word 
which is to be written into the memory in­
stead of a sample value. Finally, illuminated 
push button switches are used to select the op­
eration to be performed and to initiate a load­
ing, transferring, plotting, or punching opera­
tion. Although thirty-three of the push button 
positions provided on the console are actually 
used to perform a variety of operations, many 
of which will not be discussed, the basic 
manual switching functions are those indicated 
schematically in the block diagram discussed 
below. A photograph of the complete unit is 
shown in Fig. l. 

In order to minimize the construction and 
debugging time, most of the blocks were im­
plemented with commercially available equip­
ment all of which has proven to be very satis­
factory. 

BLOCK DIAGRAM 

A simplified block diagram of the digitizer 
is shown in Fig. 2. The heart of the system is 
the coincident current core memory which 
serves as a buffer unit between the varied in­
put information rates and the fixed output 
punching rate or any desired display rate. The 
particular unit selected for the digitizer has a 
capacity of 4096 words of sixteen bits each. 
(The extra four bits are used for arithmetic 
or flagging operations. ) The self-contained 
access circuity was designed to operate in the 
Random/Sequential Interlace mode with fu11 
cycle operation. In the random mode, the in­
ternal address register for the writing opera­
tion can be set to any selecte,d one of the 4096 

Figure 1. Digitizer and output typewriter with paper 
punch. 

address positions by applying the desired 
twelve bit address word and then issuing a 
load command. 

If the unit is then switched to the Sequential 
Interlace mode, it will proceed systematically 
from this address advancing once per load 
command. The unload address counter can be 
similarly indexed. Full cycle control requires 
that each load operation includes both clear 
and write while each unload operation includes 
both read and restore; therefore, the readout 
is essentially nondestructive. The load and un­
load operations can be carried on in any ar­
bitary sequence, but they cannot be performed 
simultaneously, and care should be exercised 
not to load in an area where wanted data is 
already stored. A full cycle requires 10 micro­
seconds; so the maximum operation rate is 
100,000 commands per second. 

For purposes of block explanation, the mem­
ory has been divided into four parts-the load 
position address, unload position address, the 
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load into and the unload data from the com­
mon storage medium. The twelve bit position­
addresses are handled in parallel as are the 
data bits. When switch 84 is in the position 
shown, the selected orderly sequence of address 
codes appears as the input to the X Position 
Digital-to-Analog converter. The resulting out­
put is a staircase voltage with the number of 
steps equal to the difference between the start 
and stop addresses, the risers equal to 1/4095 of 
the full range, and the treads as long as the 
time between load commands. This staircase 
serves as the X axis input signal to the sam­
pling oscilloscope replacing the internally 
generated "slow ramp." 

As is usual in this type of oscilloscope, an 
internal "fast ramp" is triggered by the syn­
chronizing signal. At the instant this latter 
ramp voltage becomes equal in magnitude to 
the address voltage, a strobe sample is taken 
of the Y axis input signal. The sample poten­
tial is then held until the fast ramp cycle is 
completed and a new trigger operation takes 
place. 

Once a sample voltage has been established 
on the scope's storage circuit, a beam "un-

blanking" signal is provided which permits the 
sample magnitude to be displayed at the hori­
zontal position corresponding to the memory 
address. This unblanking signal is also used 
to initiate each A-D conversion. Thus the 
conversion and subsequent loading operation 
is asynchronous with the maximum rate being 
limited to 40,000 conversions per second by 
the twelve bit A-D Converter. A conversion 
command causes the A-D Converter to sample 
and hold the signal stored in the oscilloscope. 
This double sampling process, once in the 
~scope and once in the converter, is required 
because the storage circuits in the converter 
take longer to charge than the duration of 
many of the phenomena to be observed. The 
storage circuit in the converter must, on the 
other hand, be very precise if the full 4096 
level resolution is to be obtained. Low-speed 
waveforms are connected directly into the A-D 
Converter; so they are only sampled once as 
in more conventional practice.! 

Three microseconds prior to the completion 
of conversion, a program pulse is generated 
which initiates the load command for the mem­
ory. As a result, the "clear" part of the clear/ 
write cycle is almost over by the time the 
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Figure 2. Simplified block diagram of Tape Output Strobed Analog Data Digitizer. 
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digitization is complete and the twelve bit 
word is available for writing into the memory. 
The strobe, convert, and load sequence con­
tinues until all of the assigned positions have 
been filled during one horizontal sweep. Dur­
ing setup, it is frequently desirable to observe 
repeatedly all or part of a display. This is 
accomplished in the auto-start mode by per­
mitting a selected address to initiate a new 
start command thus resetting the sweep and 
starting over. 

Once the data has been stored in the memory 
in digital form, the usual procedure is to check 
it by "playing it back." This is accomplished 
by transferring the switches to the plot mode, 
setting the Unload Start and Unload Stop 
thumbwheel switches to the desired range and 
pushing the auto-unload switch. Switch S4 
connects the unload position address to the X 
Position D-A Converter. Output from the 
latter supplies the horizontal signal for both 
the sampling oscilloscope and the X-Y Plotter. 
The plotter is built into the control console 
under a sliding plexiglass writing surface. 

Unload command rates are controlled by an 
internal multi vibrator with a fast unload rate 
of about 40 kc permitting ten repeated oscil­
loscope displays per second of the full memory 
load or correspondingly more frequent displays 
of shorter memory sections. A variety of 
slower speeds can be selected for use with the 
plotter and visual readout. Conversion of the 
stored data is accomplished by switching the 
A-D Converter to its D-A mode. 

PAPER TAPE PUNCHING AND CONVER­
SION TO MAGNE'TIC TAPE 

A mixed alphabetic and binary data format 
is used on the eight column punched paper 
tape. Experiment titles and interspersed com­
ments are typed in from the keyboard in a 
conventional manner except that an appro­
priate one of four characters is. typed on each 
line just before the carriage return key is op­
erated. The control characters used are: H 
(Holerith) for alpha-numeric characters, B 
for binary data, P for end of experiment,and 
X for end of tape. Anything which is not 
wanted in the digital computer's magnetic tape 
copy of the paper tape can be deleted by punch­
ing something other than one of these four. 

Holes in column eight of the tape are punched 
only by the carriage return key. 

The start of a binary data run is indicated 
by the letter "B" followed by the carriage re­
turn punch, and the end of the data is always 
terminated by another column eight punch. 
Each twelve bit data word is punched as two 
six-bit characters with the first half of the 
word identified by a space in column five and 
the second half by a hole. The odd parity 
function normally assigned to this column was 
ignored since the paper tape reader at the 
Murray Hill Computation Center generates its 
own parity bit. Instead a check on the punch­
ing operation is obtained by simultaneously 
reading the split words from the punched tape 
back into the digital-to-analog converter and 
plotting the result alongside the X-Y plot 
which was made prior to punching. Sixteen 
minutes are required to punch out a full mem­
ory load of 4096 words in sixty-eight feet of 
tape. 

The paper . tape reader which serves as the 
peripheral input device to the computer, can 
read a full memory load in sixteen seconds. 
Although the reader cannot transfer the col­
umn eight punch to the magnetic tape, it can 
recognize this "End of Line" indication, and 
use it to generate the proper flagging instruc­
tion for the paper to magnetic tape conversion 
program. Once the first generation magnetic 
tape is produced, a computer program is used 
to delete the parts so m~rked, unpack the data 
and text, block them into the standard com­
puter format, and translate double-case type­
writer symbols to. appropriate digital computer 
symbols where different. When desired, a 
microfilm plot is provided for comparison with 
the original X-Y plot. The process can, of 
course, be reversed; so that computer data can 
be put into the digitizer memory by way of a 
punched paper tape. 

SWEEP CALIBRATION AND LINEARITY 

In the digitizer, one coded sample value is 
stored at each memory address position, so the 
standard sweep calibration; is made in nano­
seconds per address. The nominal 10-volt ref­
erence voltage for the X Position Address 
Decoder is set so that just eight complete 
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cycles of the oscilloscope's internal ten mc 
calibration wave will appear when 4000 (deci­
mal) address positions are used with a Sweep 
Time/cm of 0.1 f-tsec. This calibration corre­
sponds to 0.2 nsec/address. Selection of other 
settings of the Ext. Horiz. Input and the 
Sweep Time/ cm controls permits changing 
this over a range from 4 f-tsec/address to 0.4 
pi cosec / address. 

In normal sampling oscilloscope usage, a 
nonlinearity in the horizontal sweep cannot be 
observed because the sample is taken at a time 
proportional to the horizontal sweep voltage 
and the sweep positions the beam at the actual 
sweep value. The sweep can even be stopped 
or reversed enroute, and the waveform will be 
displayed with fidelity except for a brightness 
change. The high speed ramp and associated 
comparison decision must be linear, however. 
When the horizontal position is converted to 
an address as it is in the digitizer, each quan­
tized horizontal increment is treated by the 
computer as a specified time increment. This 
will lead to distortion if the horizontal display 
is not linear. A calibration run can be made 
which will permit correcting the values in the 
computer, but adequate linearity is much to be 
preferred. 

The linearity was measured by first calibrat­
ing the sweep for 0.2 nsec/address with the 
ten mc test wave and then switching to the 
Ion me test wave. Figure 3 shows a plot of 
interpolated addresses or sampling intervals 
between adjacent positive going center axis 

crossings as well as those for negative cross­
ings. At 0.2 nsec/address, 50 addresses cor­
respond to one cycle, and the center axis slope 
of a full load 100 mc sine wave is about 500 
code levels per sample. 

Although the actual axis crossing can be de~ 
termined only to the nearest 0.2 nsec sample 
increment, the spacings interpolated from the 
coded amplitude values immediately before and 
after crossing should, ideally, plot on a hori­
zontal straight line. The slight curvature of 
the fitted line shows an effective compression 
of about 1 % for the combined sweep, scope 
amplifier, and threshold decision. The offset 
from the 50 sample periods shows that the 
initial manual calibration was also off by about 
1 roo This can now be adjusted more precisely 
with a ten turn potentiometer. 

The dispersion of interpolated points indi~ 

cates that both of the foregoing are masked by 
a combination of other factors which are 
loosely lumped into the 'scope sync. category. 
In normal sampling 'scope usage, repeated 
patterns are observed, and the eye or the 
camera averages the plotted points at anyone 
place on the wave. The better the synchroniza­
tion, the narrower will be the line of points. 
In the digitizer application, however, the 
amplitude samples are normally recorded only 
once at each address-quantized horizontal posi­
tion. No averaging takes place. If the "syn­
chronization" is not perfect, some of the points 
will be displaced slightly. A plot of the wave­
form will be somewhat irregular as illustrated 

53~--------------------~------------------------------------------------------------~-==, 

47~~ ____ ~ ____ ~ ____ ~ ____ ~~ __ ~ __ ~ __ ~ __ ~~~~ __ ~ __ ~ __ ~~ 
o 20 40 60 100 teo 

AXIS CROSSING NUMBER 

Figure 3. Sweep linearity calibration and synchronizing noise check by interpolated 
address differences between same direction axis crossings of a 100 mc sine wave. 

Strajght line at address difference of 50 would be ideal. 
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for the 100 mc repetition rate snap diode pulse 
of Fig. 4a. 

Small timing variations of this nature ac­
count for the dispersion shown in Fig. 3. Since 
the strobed sample is taken at the instant the 
triggered fast ramp becomes equal in magni­
tude to the decoded horizontal address voltage 
and each address is 1/4096 part of the total, 
the combined synchronization and amplitude 
decision must be better than this fraction to 
keep the point spread within ± 1 address. 

Both experiment and synchronization noise 
can be averaged out by making repeated meas­
urements of the data and averaging the results 
either in the computer or in the digitizer. 2 See 
Fig. 4b. The digitizer memory can store words 
as long as sixteen bits, thus allowing the extra 
four digits to be used for accumulation of six­
teen repeated waveforms when full magnitude 
signals are coded or correspondingly more 
repetitions when fewer than twelve bit words 
are coded. 

SUMMARY 

Perhaps the best summary of the digitizer's 
capabilities is an illustration showing a few of 
the varied types of data which have been con-

o o 
C\i rr) 

('\J 

Figure 4a. One nanosec section of snap diode pulse at 
4 picosec per sample with no sampling oscilloscope 
smoothing. This shows waveform irregularity due to 

noise and synchronization problems. 
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Figure 4b. Reduction of irregularity by computed 
average of sixteen repeated runs including that of 

Figure 4a. 

verted from analog to digital form. The fig­
ures are microfilm plots made from precompu­
tation tapes processed on the high speed digital 
computer. Experiment and run titles which 
were typed into the paper tape at the time the 
experiment was run are generated at the left 
of each microfilm plot along with supplemen­
tary information determined in the computer 
program such as the maximum and minimum 
value, but these are not large enough to be 
clearly legible in reduced reproductions. 
Neither are the horizontal scales which are 
decimal integer equivalents of the memory 
addresses. The plot program option to use 
the maximum and minimum as vertical plot 
limits was selected for all figures except num­
ber six. 

Figure 5 shows a twenty-four sample section 
of a snap diode pulse similar to that shown in 
Fig. 4a, but here the samples are spaced only 
40 picoseconds per address. The total inter­
val is one sample short of one nanosecond. At 
this sensitivity, the horizontal signal is chang­
ing in large enough steps to minimize the syn­
chronization differences. Because the micro­
film plot program draws straight lines between 
sample points, the individual points can be 
observed. It is apparent from the slope at the 
top of the plotted pulse that the peak of the 
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Figure 5. Twenty-four samples at 40 picosec per sam­
ple of one nanosec section of snap diode pulse. Slope 

indicates that peak was not sampled. 

snap diode pulse was not sampled. This pulse 
is used as a 100 mc clock pulse for work on 
high speed digital circuits. It was generated 
by driving a silicon snap-off diode from a 100 
mc source. The diode and input shunt capaci­
tor were mounted in a 52-ohm ENe connector 
tee section with a short circuited plug in the 
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tee serving as an echo line. Fig. 4b is the most 
accurate representation of these 3-volt pulses 
which repeat at 10 nsec intervals and have a 
half amplitude width of 0.24 nsec. 

Figure 6 shows the 10 nsec pulse to a 200-
foot length of RG58A/U coaxial cable and the 
pulse reflected back to the input from a short 
circuit at the far end. The intervening 560 
nsec, corresponding to decimal addresses 300 
to 3100 at 0.2 nsec/address, were deleted from 
the strip of microfilm. Transmission char­
acteritics of cables can be determined from 
this type of pulse response measurement. When 
the meauring probe is bridged across the near 
end, the same takeoff can be used for both the 
input and output, and the pulse must travel the 
full length of the cable twice before it reap­
pears at the output. 

Figure 7 is a plot of the smoothed samples 
of the peak output of the 40th, 424th, and 808th 
-read pulses from a wire plated with a magnetic 
film. 3 In the test setup, a single write pulse 
was first applied at one location on the wire. 
Then about 940 consecutive read pulses of 100 
nsec duration were applied. The horizontal 
position of the sampling oscilloscope was set 
manually to the peak of the resulting output 
pul~es and the address decoder was disengaged 
because only the variation in peak magnitude 
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Figure 6. First 300 samples showing 10 nanosec input pulse to 200 ft. of RG58A/U coaxial cable, and last 300 
samples, 0.6 usec later, showing return pulse reflected from short circuit at far end. 
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Figure 7. Oscilloscope smoothed samples of 40th, 424th, 
and 808th output pulses from eight adjacent sections 
of a wire plated with a magnetic film. With fixed 
sweep, samples are at pulse peak for three positive 

and three negative output conditions. 

was wanted rather than the pulse shape. The 
internal smoothing control of the sampling 
oscilloscope was set for maximum smoothing; 
so the three selected samples actually loaded 
in the memory represented an average peak 
amplitude early, midway, and late in the con­
secutive read sequence. Following this, an­
other block of 940 read pulses at a reduced 
current was applied, and the selected samples 
were loaded. The wire was then disturbed by 
simulating writing operations at other loca­
tions along the wire, and still another 940 
consecutive read pulses at the original current 
were applied. The selected three samples were 
loaded. This sequence of nine loading opera­
tions was then repeated except that the initial 
single write pulse was negative. After the 
nine positive and nine negative signals were 
loaded, the test location was mechanically in­
cremented and the test was repeated. The 4096 
word memory permits eighteen samples to be 
loaded at as many as 227 wire locations. In 
the figure, only the first eight locations (cycles) 
tested on the wire are shown. 

The retiming wave for regenerative pulse 
repeaters is usually recovered from the incom­
ing pulse train by filtering techniques. As a 

result, the amplitude and phase of the recov­
ered wave is a function of the actual pulse 
pattern being transmitted and the number of 
repeaters in tandem through which the pulse 
train has passed. A single repeater can be 
used to simulate many aspects of a chain of 
repeaters by delaying a long pulse train out­
put from the repeater and feeding the train 
back to the input in a self-timed closed loop. 

The wavef<?rm for Fig. 8 is an envelope plot 
of the change in phase position of one selected 
pulse out of a 7500-bit pattern circulating 
around such a loop immediately following a 
change of 778 of those bits from alternate 
pulses and spaces to all pulses. In this case, 
a measurement was made only once per 750 
usec round trip, and the envelope of the phase 
detector signal was fed directly to the A-D 
converter instead of to the sampling oscil­
loscope. Each vertical division represents 3.8 0

, 

and there are 14 round trips per horizontal 
division. 

The response spikes shown in Fig. 9 were 
obtained by direct conversion at a 40 kc rate 
of the output signal from a laser analyzing 
cavity (interferometer) as the cavity spacing 
was changed by applying a 20-cycle sawtooth 
control signal to a one-inch barium titanate 
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Figure 8. Example of direct A-D conversion at 750 
usec per sample without sampling oScilloscope. Starting 
transient phase variation of one pulse circulating 

around a closed pulse repeater loop. 
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Figure 9. Digitized output signal from laser analyzing 
cavity as the cavity spacing is slowly changed. 40,000 

direct A-D conversions per second. 

cylinder with a mirror cemented to one end. 
Only the initial set of spikes is shown.4 

ACKNOWLEDGlVIENT 

The author wishes to acknowledge the help­
ful discussions with B. P. Bogert particularly 
at the Digitizer's inception and in connection 
with the averaging problem. The paper tape 

format was developed in cooperation with J. F. 
Ossanna who also took care of all of the prob­
lems involving the digital computer; L. J. 
Cirincione programmed the paper tape reader; 
and R. W. Proudfoot did much of the actual 
assembly and debugging work. W. H. Pyle 
showed us how to make some minor modifica­
tions to the sampling oscilloscope which re­
sulted in even better performance. The micro­
film plots are the result of experiments by the 
following individuals: Figs. 4 and 5-R. L. 
Taylor, Fig. 6-L. O. Schott, Fig. 7-E. W. 
White and R. T. McGoldrick, Fig. 8-P. A. 
Reiling, and Fig. 9-A. J. Rack. 

REFERENCES 

1. JASPER, Les and HAILL, H. K., "Improving 
A-D Converter Accuracy," Electronics 36, 
38 (1963). 

2. KLEIN, M. P. and BARTON, G. W., Jr., "En­
hancement of Signal-to-N oise Ratio by Con­
tinuous Averaging: Application to Mag­
netic Resonance," Rev. Sci. Instr. 34, 754 
(1963) . 

3. LONG, T. R., HElectrodeposited Memory 
Elements for a nondestructive Memory," 
J. Appl. Phys., 31, 123s (1960). 

4. RACK, A. J. and BIAZZO, lVI. R., "A Tech­
nique for Measuring Small Optical Loss 
Using an Oscillating Spherical Mirror In­
terferometer," BSTJ, 43, No.4 Part 2, 1563 
(1964) . 





HYBRID SIMULATION OF A LIFTING RE-ENTRY VEHICLE 
A. A. Frederickson, Jr., R. B. Bailey, A. Saint-Paul 

Electronic Associates, Incorporated" El Segundo, Cali/oraia 

1. INTRODUCTION 

During the past ten years a great deal of re­
search and development work has been con­
ducted on various types of re-entry vehicles. 
Numerous techniques for guiding and control­
ling re-entry vehicles have been proposed. The 
purpose of this simulation is to evaluate the 
capability of a new flight control system for re­
entry vehicles which by its nature is simple, 
reliable and inherently insures a safe re-entry. 
The ensuing discussion explains the unique 
control system being studied, and includes a 
detailed· discussion of the simulation equip­
ment required and its programming. 

To obtain a better insight into the need for 
a simple yet reliable guidance and control sys­
tem for lifting re-entry vehicles, a brief dis­
cussion of the general re-entry problem follows. 

The re-entry vehicle utilized in the study is 
an unpowered lifting vehicle with wings, which, 
unlike its ballistic counterpart, is highly maneu­
verable and can be landed on conventional run­
ways. 

The lift and drag coefficients (CL and CD) of 
a typical high LID lifting re-entry vehicle are 
shown in Fig. 1 as a function of angle of attack, 
0:: • In addition, a plot of lift to drag ratio 
(LID or ~/CD) is shown since it is of im­
portance in determining the range of the re-en­
try vehicle. During the high velocity portion of 
re-entry flight the vehicle operates on the 
high ~ (large 0::) side of (LID) max. (15 0 < 
ex: < 65 0

). These larger lift coefficients yield a 
re-entry trajectory with lower dynamic pres­
sure, acceleration, and temperatures. Fig. 2 

717 

defines a simplified coordinate system and sym­
bols. During most of the vehicle flight 
ro + h:::::: ro and h:::::: O. Thus, the following ap­
proximate equations can be used: 

V2 L 
h::::::-g+-+- (1) 

ro m 

D SCD ) V:::::: --= -q- (2 
m m 

For a lifting re-entry vehicle the lift is large 
enough to allow the vehicle to fly along ail equi­
librium glide path where h :::::: o. Along the 
equilibrium glide path, 

L V2 seL -==g--=q--
m ro m 
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Figure 1 
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where q is the dynamic pressure (1f2p V2) and 
S is the wing area. Thus for a given CL there 
is a unique altitude-velocity profile. Fig 3 
shows the altitude-velocity profile for two dif­
ferent equilibrium glide lines and the bounda­
ries of the re-entry corridor. The lower bound­
ary of the corridor is determined by the tem­
perature and load limits of the vehicle and the 
upper boundary by the recovery ceiling. The 
recovery ceiling is defined as the maximum alti­
tude (with altitude rate, h = 0) from which 
the vehicle can recover without exceeding the 
temperature and load limits of the vehicle. 

One of the primary re-entry problems is to 
control the vehicle so that temperature and 
load limits are not exceeded and a smooth equi­
librium glide is established. The heavy tra­
jectory shown in Fig. 3 is a typical uncon­
trolled re-entry with its familiar skipping oscil­
lations which cause the vehicle to approach 
dangerously close to the heat limits. The tem­
perature rate control system being simulated 
was developed to eliminate these skipping oscil­
lations and reduce the peak temperatures dur­
ing re-entry. 

Another re-entry problem is to manage the 
energy of the vehicle as it re-enters so that the 
desired terminal point is reached. The range 
capability of the re-entry vehicle can be de­
termined quite readily in the re-entry portion 
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of flight since the vehicle is near equilibrium 
glide where h ::::; O. If both sides of Eq. 2 are 

divided by Lim or g- V2 the following is ob-
ro 

tained: 
v D 

ro 

If V dV is substituted for V: 
dR 

(4) 

dR = (LID) roVdV (5) 
V2_r og 

If this is integrated from an initial velocity to 
zero, the range is obtained: 

(6) 

Thus, during the re-entry portion of flight the 
range is a function of velocity and LID. Range 
control is accomplished by varying LID, i.e., 
by varying angle of attack. From Eq. 6 it also 
should be noted that the range is very sensi­
tive to initial velocity when the velocity is 
nearly equal to orbital velocity yrog. For the 
re-entry studies made to date on the simulation, 
the sensitivity of range to initial velocity error 
is approximately 300 NM/fps. 

Lateral maneuverability is obtained by bank­
ing the re-entry vehicle so that the aerodynamic 
lift vector is rotated, thus providing a lateral 
acceleration. Fig. 4 shows an energy manage­
ment footprint for a typical re-entry flight. 
The lines of constant 0: and p., bank angle, show 
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what attitude must be maintained to reach a 
particular landing site. The dashed lines show 
temperature limits. This large maneuverability 
of a lifting re-entry vehicle requires a reliable 
guidance system which will perform accurately 
over· the long re-entry and minimize errors at 
the desired terminal point. The temperature 
rate control system is being simulated to dem­
onstrate its compatability with different types 
of guidance systems. As will be pointed out 
in the next sections the TRFCS acts as a filter 
to the guidance signals to insure the safety of 
the vehicle at all times. 

2. THE STATEMENT OF THE PROBLEM 

2.1. Problem Background 

The temperature rate flight control system 
(TRFCS), developed by the AC Spark Plug 
Division of the General Motors Corporation, 
is based upon the use of temperature sensors 
instead of conventional inertial instruments to 
provide both short-period stabilization and long­
term guidance during the re-entry flight.l The 

mathematical formulation of the re-entry prob­
lem was furnished by AC Spark Plug. 

The new control system introduces several 
significant advantages: 

(1) Overall vehicle safety during re-entry. 
In the TRFCS design, successful effort 
has been made to separate safety of the 
vehicle from the task of accurate navi­
gation. Because of the inherent nature 
of temperature rate feedback and cer­
tain selected limits on the control au­
thority, the control system minimizes 
skin temperature peaks. The maximum 
"g's" and dynamic pressure are inde­
pendent of initial conditions and 
maneuvers performed. This safety 
aspect of the TRFCS performance is en­
tirely independent of the guidance com­
mands and in fact, the TRFCS serves es­
sentially as a filter for them. 

(2) Simple, reliable hardware. This sepa­
ration of control and guidance also re-
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suIts in more reliable hardware. Simple 
thermocouple temperature sensors re­
place the conventional gyros and ac­
celerometers. These sensors are used to 
control the flight path as well as the 
short-period oscillations in pitch and 
yaw. The only additional sensor re­
quired, besides the temperature sensors, 
is a vertical reference gyro, which, for 
the safety aspects of the re-entry, can 
be quite inaccurate. 

(3) Both manual and automatic modes. In 
case of automatic guidance system fail­
ure, the TRFCS can be controlled manu­
ally. The manual flight program to he 
followed- by the pilot, is very simple and 
the resulting temperature peaks, dy­
namic pressure, and "g" loads compare 
favorably with those obtained in the 
fully automatic mode. 

During past years, extensive simulation 
studies were conducted by AC Spark Plug to 
design the control system. A rather conven­
tional simulation program was pursued: First 
analog simulations were performed to gain 
qualitative knowledge of the system, and to 
determine the practibility of this approach. 
N ext, digital techniques were used to check 
the validity of the analog and to demonstrate 
the accuracy of the guidance through TRFCS. 

In the analog simulation, a three degree of 
freedom simulation of the mass center of the 
vehicle was combined with equations describ­
ing the short-period pitch dynamics of the ve­
hicle. Pitch axis controls and trajectory con­
trols in three dimensions included an approxi­
mate, simple lag representation of the lateral 
response of the vehicle. A cockpit was used 
in the simulation to aid in the design of the 
manual system as well as the fully automatic 
system. 

Another small analog simulation was used to 
study the uncoupled lateral dynamics for chang­
ing flight conditions and the lateral stabilization 
signals required from the TRFCS. This simu­
lation also provided the simple lag representa­
tion used in the larger cockpit simulation study 
previously mentioned. 

The reason for separating the simulation of 
the pitch dynamics and trajectpry control from 

the simulation of the lateral dynamics was to 
enable a better understanding of the pitch sys­
tem alone and lateral system alone and to de­
velop the TRFCS without the use of an exten­
sive amount of equipment. 

With the design and evaluation of the TRFCS 
completed for the simplified pitch plane and 
lateral plane the next logical step was to evalu­
ate the system with a complete six-degree-of­
freedom simulation. This would allow the in­
vestigation of cross-coupling between the pitch, 
lateral and roll dynamics of the vehicle. 

In considering a six-degree-of-freedom simu­
lation the question arises as to what computer 
or computers should be used. Past experience 
has shown that the conventional all analog or 
all digital approach has severe shortcomings. 
The previous all analog simulation suffered 
from a lack of repeatability (50 miles in range) 
and excessive day-to-day setup and checkout 
time. The digital simulation proved to be ex­
tremely slow even on a large high speed com­
puter. Even for narrow ranges, determined by 
previous analog simulation, digital simulation 
was too time consuming, and therefore too ex­
pensive to optimize parameters. Reduction of 
the digital data to more graphic forms also 
proved to be a problem. 

2.2 Problem Objective 
The main objective of the problem is to evalu­

ate a TRFCS controlled re-entry both in auto­
matic and manual modes of operation. To 
fully explore the ability of the TRFCS to con­
trol the short period attitude of the vehicle 
throughout the re-entry, a complete six-degree­
of-freedom simulation is required. To evaluate 
the ability of the TRFCS to guide the vehicle 
during re-entry to the desired terminal point, 
an accurate and repeatable simulation is re­
quired. Economy of analysis should be con­
sidered, especially in the automatic guidance 
studies where faster than real time simulation 
can be employed. 

2.3 Computational Requirements 
In order to attain the above problem objec­

tive, the following set of rigid computational 
requirements must be met: 

(1) High accuracy in trajectory calculations 
for the evaluation of the guidance capa­
bility of the TRFCS. 
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(2) Very fast computing capability to faith­
fully simulate the high frequency pa­
rameters for the short-period dynamics 
of the vehicle. 

(3) Real time and faster than real time 
simulation for evaluation of the control 
system in both manual and automatic 
mode. (For economical evaluation of 
the control system in automatic mode, 
the time scale should be as high as pos­
sible) . 

(4) Rapid day-to-day setup and checkout. 

On the basis of experience gained during past 
simulations, it was concluded that these re­
quirements can only be satisfied by a hybrid 
digital-analog computer. Such a computer 
would allow the programmer to choose either 
analog or digital solution for different portions 
of the problem, trading fast processing for 
high resolution etc. 

A hybrid system makes high demands on both 
the digital and the analog elements as well as 
on the control section. The tasks to be per­
formed by the control section, however, cannot 
be over ~mphasized. Some of these tasks are 
the basic timing, control operations, logic de­
cisions and conversions which preferably are 
parallel with other computations. Only in this 

231 R-V DOS 350 

I 1 

way can the programmer truly utilize all ele­
ments of the hybrid to the fullest. To achieve 
these complex tasks, the "control center" should 
consist of programmable logic elements, such 
as flip-flops, counters, shift registers, parallel 
memory and converters. The EAI HYDAC 
2400 system enabled the programmers to realize 
these desirable features as shown in the fol­
lowing sections. 

3. HYDAC 2400 SYSTEM DESCRIPTION 
In order to facilitate the understanding of 

the programming aspects of the re-entry prob­
lem on the HYDAC 2400 discussed in the 
next section, a brief description of the system 
is given here. 

The HYDAC 2400 computer system is a 
successful integration of general-purpose ana­
log and digital computers. It consists of three 
computers: the 231R-V analog computer, the 
DOS 350, and the 375 (3C DDP-24) digital 
computer. (For system block diagram, see 
Fig. 5) In the following material, a short out­
line is given of each section of the HYDAC 
2400, and the communication between sections. 

3.1 231R-V Analog Computer System 

The 231R--V analog computer consists of 
standard computing components under control 
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of a versatile, highly sophisticated control sys­
tem. The heart of this control system is the 
analog memory and logic system (MLG). The 
MLG system adds a capability for programmed 
multiple time base and multispeed repetitive 
and iterative computer operation. The system 
utilizes electronic mode control and high-speed 
analog memory in order to maintain the ac­
curacy necessary for "real-time" operation. 
Various forms of analog memory (microstore, 
track and store amplifiers) are essential for 
simple and efficient data transfer into the ana­
log computer. The separate patchboard allows 
the controls to be pre-patched, or control com­
mands from external dIgital computing equip­
ment may be introduced to vary the program 
during problem solution. These control signals 
may affect the operation of the analog com­
puter or some of its components many different 
ways: 

(1) change mode of operation 
(2) change time constant of integrators 
(3) control analog memory 

(4) set or monitor a potentiometer or other 
components 

( 5) make logical decisions 

The high accuracy solid state multipliers, re­
solvers, and function generators are also im­
portant contributors to the overall system per­
formance. 

3.2 375 Digital Computing System 

The 375 is a high-speed, all solid state general 
purpose digital computer with 24-bit word 
length and sign-magnitude binary number rep­
resentation. The size of the random access 
memory can range from 4,096 words to 32,768 
words, with a memory cycle time of 5 micro­
seconds. The 10 p. sec. addition and 31 p. sec .. 
mUltiplication times are typical of the speedbf· 
the arithmetic unit. 

Standard input/output capabilities include 
four data input/output channels: a buffered 
character input channel, a buffered character 
output channel, a parallel 24-bit input channel 
and a parallel 24-bit output channel. Auto­
matic interrupt may be used in connection'with 
any channel desired. In addition, 16 sense 
lines and 16 output control lines are provided 

for efficient control signal communication as 
will be described later. 

3.3 The DOS 350 Digital Operations System 

The DOS 350 is the control and communica­
tion center for the HYDAC 2400. Its modu­
lar, functional structure of digital computing 
and conversion components satisfies the strin­
gent requirements established by the basic dif­
ferences of the parallel analog and the sequen­
tial digital computers. 

The logic building blocks, counters, and arith­
metic elements provide an extremely high speed 
parallel counting, decision making, control, and 
arithmetic capability that cannot be satisfac­
torily provided elsewhere in the system. The 
same is true for the optional storage units that 
may be included in the DOS 350. 

The communication system provides for the 
flow of information throughout the system. 
The information handled can be classified as 
either whole word data or as bits or signals that 
must be communicated between the sections. 
The conversion of whole word data is per­
formed by the analog-to-digital and digital-to­
analog converters. The appropriate channels 
for ~onversion are selected and sampled by the 
multiplexer. 

In addition to the transfer of whole word 
data, provision must be made for the communi­
cation of logic and control signals. The sense 
lines enable the DOS 350 to exercise control 
over the digital program. The 375, through 
the use of a specific test instruction (SKS) is 
able to determine their status and make conse­
quent decisions. When the DOS must have im­
mediate access to the 375, an interrupt line 
has to be activated. When this happens, the 
375 is forced to store its present computation 
and proceed to a program designed to handle 
the interrupt situation.. The system has up to 
eight interrupt lines each of which has a speci­
fied priority in relation to the others. Similarly, 
the 375 also has the ability to transmit signals 
to the digital section. Output control pulses 
are generated by the 375 and terminated on 
DOS 350 patch panel. 

The control signal exchange between the 
231R-V and DOS 350 computers is accom­
plished by the use of analog comparators and 
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the digital-analog (DA) switches. The analog 
comparator permits the DOS 350 to be made 
aware of the occurrence of certain events with­
in the analog section. This circuit generates a 
logical ONE on the DOS 350 patchboard when 
the algebraic sum of two selected input voltages 
exceeds zero. The DA switch is basically an 
analog gate under DOS control, by which the 
path of an analog signal may be open or 
closed. Thus the logical program is able to 
accomplish numerous functions, such as chang­
ing parameters, providing automatic rescal­
ings, etc. 

While the above description of the HYDAC 
2400 is extremely brief, it is hoped that it would 
aid the reader in understanding subsequent 
discussions. More detailed writings on the 
systems are available from numerous EAI pub­
lications. 

4. PROBLEM MECHANIZATION 

All advantages of the hybrid computer are in 
vain, unless very careful consideration is given 
to the programming of the phyiscal system 

231R-V DOS 350 

under study. This phase of the simulation 
transforms the general purpose computer into a 
simulator of the specific physical system. 

4.1 Allocation of Tasks 

The first step towards a successful hybrid 
program is the allocation of tasks on the com­
puter. The underlying philosophy is to sub­
divide the physical system into sections, and 
assign these to various parts of the computer, 
where their speed and accuracy needs are best 
satisfied. 

The assignment of these sections to various 
elements of the HYDAC 2400 is shown in Fig. 
6. The attitude control loop, consisting of the 
vehicle rotational dynamics, the TRFCS and 
the short period sensor equations, are pro­
grammed on the analog section. In addition, 
the displays and cockpit simulator are tied into 
the analog since continuous analog signals are 
required. The translational equations of mo­
tion, long period heat sensor equations and 
guidance equations are programmed on the 375 
because of the stringent accuracy requirement. 
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The DOS 350 provided the master timing, data 
conversion, function generation, and reaction 
jet control logic. 

The DOS 350 timing and control is essential 
because of the operational differences between 
the analog and digital sections. The analog is 
a parallel continuous computer with computing 
time independent of problem size. The digital 
is a serial, discrete interval computer with com­
puting time directly dependent on the size of 
the problem. The DOS, through its timing 
and controls, synchronizes the calculations on 
each computer and controls the flow of informa­
tion between sections. Function generation and 
the reaction control jet logic are ideally suited 
to the DOS since these operations can be per­
formed rapidly in parallel with the 375-general 
purpose digital computer, so that the digital 
computation time is minimized. 

4.2 DOS 350 Program 

Fig. 7 shows a detailed block diagram of the 
DOS program. The DOS performs the five fol­
lowing functions: 1) Timing, 2) Mode Control, 
3) Data Transfer, 4) Function Generation, and 
5) Reaction Jet Control Logic. These functions 
are described in the following sections. 
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4.2.1 Timing 

Timing is required on a hybrid computer for 
the following reasons: 

( 1 ) To synchronize the calculation time in 
the digital program to the physical time 
scale used on the analog computer. This 
synchronism is accompHshed by sending 
a periodic master time pulse T1 which 
initiates the calculations for each step in 
the digital computer. 

(2) To time information transfers between 
the analog section and the digital section. 
Not all transfers are at the same rate, 
since the serial memories of the DOS are 
used for function generation of aerody­
namic moment and force coefficients. 
These variables must be transferred at 
a high rate, since the functions are used 
in the short period rotational dynamics 
of the system. On the other hand. those 
variables relating to long term trajec­
tory variations are transferred to the 
analog section at a lower sampling rate. 

The general timing- of the simulation is 
shown in Figure 8. Timing is controlled fron1 
the DOS by a BCD counter called the master 
timer. This counter counts 25 accurately timed 
pulses occuring every 2 ms. resets, and repeats 
jndefinitely. The reset signal which occurs 
every 50 ms is the master timing signal T1 
which is used to synchronize the analog and 
digital. The timing- for the A to D and D to A 
conversion is obtained by decoding the ap­
propriate states of the master timer . 
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4.2.2 Mode Control 

A very important function of the DOS 350 is 
to control the modes of operation of the system. 
Communication between the DOS and the 375 
occurs through 16 sense lines which are set 
from the DOS and sensed on the digital section. 
In the other direction, eight flip-flops on the 
DOS can be set from the 375 with special OCP 
instructions (output control pulses). Of these, 
four can also be reset from the digital console. 

All modes are controlled by pushbuttons from 
the DOS 350 and the following list summarizes 
the state and function of the analog and digital 
sections when the indicated pushbutton is de­
pressed. 

(1) IC (initial condition) 

a. 231R in IC 
b. 375 in IC 
In IC 375 goes through all computations 
with the exception of the integration 
routine. 

(2) TYIC (type in initial conditions) 

a. 231R in IC 
b. 375 is ready to accept new initializa­

tion data from the typewriter. From 
this mode the program returns auto­
matically to the IC loop. 

(3) TYTI (type titles), 

a. 231R in Ie 
b.The 375 types out title block and line 

headings for the 26 variables chosen 
for print out. 

(4) TRA (transfer only) 

a. 231R in IC 
b. 375 in Ie 
This mode is for single stepping through 
the D to A and A to D transfers and was 
found very useful for problem checkout. 

(5) TDAC (transfer D to A check) 

a. 231R in Ie 
b. In the 375 a fixed block of data con­

sisting of positive and negative maxi­
mum values (corresponding to ± 100v 
on the analog) is transferred· con­
tinuously. This was found very con­
venient for a quick check on the D to 
A conversions. 

(6) OP (operate) 

a. 231R in operate 
b. 375 in operate 
This is the normal mode of operation of 
the system. 

(7) TS (time scale) 

a. 231R in operate 
b. 375 in operate 
This pushbutton changes time scales, 
there being two arbitrary time scales 
available, i.e., real time and twenty times 
real time. 

(8) HOLD 

a. 231R in hold 
b. The 375 performs all the calculations 

contained in the operate loop except 
those in the integration routine .. 

(9) DUMP 

a. 231R in hold during actual dump op­
eration otherwise in IC or operate as 
previously selected. 

b. 375 gOes to output routine at periodic 
intervals determined by TP, the print­
out time interval. The digital jumps 
to the output routine and types out 
the present values of the 26 variables. 
The DUMP command can be given in 
either Ie, HOLD or OP and the sys­
tem resumes in which ever mode it 
was in at the time of exectuion. 

4.2.3 Data Transfer 

The data transfer for this problem is very de­
manding since two basic sampling rates. are re­
quired, one for the short period aerodynamic 
functions and the other for the long period 
trajectory variables. The data transfers will 
be discussed in two parts: 1) the analog-to­
digital conversion and 2) the digital-to-analog 
conversion. 

1) Analog-to-Digital Conversion 
Two variables, a: and8E are converted eviery 

5 milliseconds since they are used on the DOS 
for function generation. Once every 50 milli­
seconds a, {3, and p. are converted and trans­
ferred to the 375 for use in the long period tra­
jectory calculations. Fig. 8 in the previous sec­
tion -shows the timing for these two different 
types of conversions. 
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Upon command from the master timing pro­
gram on the DOS, the ADC control logic incre­
ments the multiplexer to the proper channel and 
sends a convert signal to the AD converter. 
When the conversion is complete, the converted 
data is either loaded into a serial memory on 
the DOS for use in the function generation pro­
gram or sent on to the 375 for use inthe digital 
calculations. 

2) Digital-to-Analog Conversion 
Updated values of the aerodynamic force and 

moment coefficients which are generated on the 
DOS are transferred to the analog every 5 
milliseconds. The trajectory variables (alti­
tude, temperature, guidance errors, etc.) are 
transferred from the 375 to the analog once 
every 50 milliseconds. Fig. 8 in the previous 
section shows the timing of these transfers. 

The digital-to-analog transfers are initiated 
by the DOS control logic upon command from 
the master timer. If data is to be transferred 
from the 375 the DOS sets the output channel 
ready flip-flop on the 375. The 375 will then 
output information to the buffer register and 
the DAC logic on the DOS loads it into the 
proper DA converter. To minimize digital com­
puter time on the 375, four data words are 
loaded into the four DAC's (under the control 
of the DOS) and while this data is being con­
verted and demultiplexed on the analog under 
control of the DOS, the 375 is formating the 
next four words to be transferred. By use of 
this technique, the total processing time con­
sumed for the transfer operation (except for 
formating) is only 200 p. secs. The force and 
moment coefficients are transferred by loading 
the four DAC's from the serial memories which 
store the latest computed values of these co­
efficients. The data is then converted and de­
multiplexed on the analog computer. The proc­
ess is then repeated for the last four coefficients. 

4.2.4 Function Generation 

The present simulation requires the genera­
tion of eight aerodynamic force and moment 
coefficients. Among these are four functions of 
one variable (Cn{3(a), V 1/3 (a) , CnSa(a), CISa 
(a) ), and four functions of two variables, 
(Crn(a,SE), CL(a,M), CD(a,M), and CY /3(a,M». 
a, M, and BE are angle of attack, mach number, 
and elevator deflection respectively. These 

functions are generated on the DOS for the fol­
lowing reasons: 

(1) The functions of two variables are ex­
tremely difficult to generate in the ana­
log section and would at best require a 
number of sums and products of func­
tions of one variable. The functions of 
one variable could be generated on the 
analog but were programmed on the 
DOS because of· the ease of setup and 
the speed at which the functions could 
be changed to study other vehicle con­
figurations. 

(2) The functions are also very difficult to 
generate on the 375 because of the fast 
sampling rate required. The sampling 
rate of the functions should be at least 
10 samples per second since they are 
used in the short period attitude loop of 
the vehicle. Thus in the twenty times 
real time mode, the functions should be 
sampled at least every 5 milliseconds. 
To meet this requirement the 375 would 
have to be interrupted to compute these 
functions a great number of times dur­
ing the major computation cycle. (In 
this problem the major computation 
cycle is 50 milliseconds). It is estimated 
that the computation time required to 
compute these functions on the 375 is 
about 4 milliseconds; therefore, if the 
program is stopped every 5 milliseconds 
for function generation, only one milli­
second of the five millisecond interval 
can be spent on the solution of the long 
period problem. Hence the major com­
putation cycle would be 5 times longer 
and twenty times real time runs would 
be impossible. 

The function generation is accomplished on 
the DOS by the use of 2 serial memory units 
which allow 32 curves with 16 points each to 
be stored: Linear interpolation between points 
is utilized, and for the functions of two vari­
ables, several curves are used with linear inter­
polation between them. For the present problem 
the four functions of one variable utilize 1 
curve each, and the remaining four funtcions 
of two variables are generated with 7 curves 
each. 
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Each function is computed once every 5 msec 
so that in a 20 times real time run this would 
correspond to 10 samples per second. 

4.2.5 Reaction Jet Control System 

Since portions of the flight are outside the 
atmosphere in regions where the dynamic pres­
sure is too small to make use of aerodynamic 
surfaces for control, a reaction jet system is 
required. To make the reaction jet control 
easier, a pulse width modulation scheme is used 
which makes the moment proportional to the 
error signal. To prevent continuous pulsing of 
the jets even for small errors a deadzone is also 
built into the controller. 

The logic operations required to decode the 
commands to activate the proper jets, and to 
simulate the pulse width modulator are per­
formed on the DOS in parallel with all other 
operations in the digital section. The simula­
tion of such a system by conventional analog 
techniques is a formidable task ( dozens of 
switches and relays would be required). The 
use of the 375 for such an operation would re­
sult in a significant increase in digitalcompu-
tation time because of the large number of 
logic operations and the fast sampling rate 
required. 

TRANSUTIOMAL EQUATIONS of 1II0TION 

VI = fA. + (~$If\A) VM-(SCO$ .A)r 
"M= .. +91l-CSS1fl.n.}VI -.n. y 
y = fjW.- 9" + . cos..a.) VI. +Jl. Vol 

-,+.3 Digital Calculation on the 375 

The digital program was written to make the 
digital calculation time as small as possible and 
to stay within a memory capacity of 4,096 
words. The material which follows gives a 
description of the equations which are solved 
on the 375 and the details of the digital com­
puter programming. 

4.3.1 Summary of the Digital Calculations 

Fig. 9 shows the block diagram of the system 
of equations to be solved on the 375. 

The translational equations of motion are 
solved in a local horizontal coordinate system 
with axes along the north, east, and radial di­
rections. The gravity and altitude calculations 
are based upon an oblate model of the earth, 
and the U.S. Standard Atmosphere, 1962, was 
stored in table form on the· 375. Most of the 
equations are conventional and quite straight­
forward, with the exception of the heat trans­
fer, temperature, and guidance equations which 
will be discussed in more detail. 

The heat transfer and temperature equations 
are calculated on the 375 because of the large 
number of complex functions required (i.e., 
cosine, log, exponential, square root, etc.) as 

CALCULATION 

Figure 9 
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illustrated by a few of the equations which 
follow. Fortunately these equations describe 
slow-varying trajectory dependent quantities so 
that the slower serial computation on the digital 
is acceptable. 

qcs = 2.70898 V q (~)'2 
VR 104 

(7) 

( V)17 qRS = 144.9 R p1.57 -

104 
(8) 

(9) 

qcs and qRS are the conductive and radiative 
heat transfer rate at the stagnation point. T s 

is the temperature at the stagnation point. 

Because of their critical accuracy require­
ments, the guidance calculations are also per­
formed on the digital section. These can be 
separated into two parts: (1) the determination 
of the range-to-go, (RTG) , heading angle to 
target, (UT) , cross range-to-go, (CRTG), and 
heading error, and (2) the generation of down 
range and cross range errors (DRE and CRE ), 

which are sent to the TRFCS and subsequently 
controlled to zero. The r~nge-to-go, cross­
range-to-go, and heading angle to the target are 

TRA.lECTORY,----1 

determined from spherical trigonometric rela­
tions. The down range error is the difference 
between the range-to-go and the desired range­
to-go. The cross range error is calculated in 
a like manner. The desired range-to-go and 
cross-range-to-go are stored as functions of 
relative velocity. 

4.3.2 General Description of Digital Program 

In addition to solving the translational tem­
perature, and guidance equations, the digital 
program must accept :mode control and thl1il1g 
commands from the DOS, seale variables as 
they are transferred in and out of the digital 
section, and finally, provide various input-out­
put functions as described in the DOS section. 

Fig. 10 shows the flow diagram of the digital 
program. The executive program is discussed 
in detail in the section that follows. The 
dashed lines in the diagram link together the 
calculations which are performed when the IC 
mode of operation is selected. All operations 
are performed except the Runge-Kutta integra­
tion shown in block 9. When the operate mode 
is selected, the integration loop is entered, and 
four passes around the loop are made (see de­
scription of numerical integration which fol­
lows). At the end of four passes, the positions 
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Figure 11 

and velocities, temperatures and guidance func­
tions are updated, and the analog-to-digital and 
digital-to-analog transfers are made. The ex­
ecutive loop is then re-entered, and the cycle 
continues until a different mode is selected. 
The following section discusses this executive 
loop in detail. 

4.3.3 Digital Executive Program 

The main media of communication, through 
which the 375 receives the mode commands and 
timing from the DOS 350, is the digitaFexecu­
tive program. (See Fig. 11). This program 
is essentially a chain of test instructions, 
through which the digital section interprets 
the DOS 350 commands and executes them by 
jumping to the respective portion of the stored 
program. 

Since some of the symbols are not identified 
in Fig. 11, a short explanation of the executive 
program follows. The first test determines 
whether fast or slow time scaling is requested. 
If fast time scale is requested the increment 
size for integration (DLT) is set equal to 

1 sec; otherwise it is set to 0.05 sec. The sub­
sequent two test instructions simply switch the 
digital program into the TYIC or TYTI modes 
as so commanded by the mode control logic. 
(See Section 4.2.2 for a definition of these 
modes) . The T > TT decision determines if it 
is time for the periodic dump of pre-selected 
digital parameters. The variable TT holds the 
time for the next dump, say 20, 30, 40 etc. sec­
onds. TP is the printout time interval and in­
crements TT when the dump time is reached. 
If the dump switch is on and T > TT, the out­
put dump is performed; if not, the program 
proceeds to the next decision. The next test 
keeps the entire digital program under the tim­
ing control of the master timer. The 375 can­
not proceed further until the next Tl pulse in­
dicates the beginning of the next computational 
cycle. Further testing takes place only after 
the Tl pulse arrives. The TDA test enables 
the programmer to place the digital program 
into a loop where only DA transfer is per­
formed. The IC test is self explanatory. The 
next two tests are used to sense the end of run, 
produce a printout of the final conditions, and 
then put the digital computer in the hold mode 
waiting for a mode command from the DOS. 
The last few tests are self-evident and require 
no explanation with the exception of the seeni­
ingly superfluous second test for dump. The 
test for dump in hold mode makes it possible 
to dump any time by putting the computer in 
hold mode prior to the dump request, in addi­
tion to or in lieu of periodic dumps. In this 
manner the programmer can determine param­
eter values with digital accuracy at any time 
during the simulation. 

4.3.4 Numerical Integration 

Unquestionably one of the most complex and 
time-consuming parts of the digital program is 
the solution of the six simultaneous differential 
equations which provide the position (altitude, 
latitude, and longitude) and the velocity (radius 
rate, velocity east, velocity north) of the ve­
hicle. 

The numerical technique selected for this cal­
culation was the fourth order Runge-Kutta 
method. The basic method as applied to a single 
differential equation is described briefly. 
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Let dy == f (x, y) represent any first order 
dx 

equation and 

Kl == hf (xn, Yn) (10) 

h Kl 
K2 == hf(xn+-, Yn+-) (11) 

2 2 

h K'2 
K3 == hf(xn+-, Yn+-) (12) 

2 2 
(13) 

1 
Ay == - (K1 +2K2+2K3+K4 ) (14) 

6 
then Xn+1 == xn+h and Yn+1 ==Yn+Ay 

The increment for the second interval is com­
puted in a similar manner by means of the 
same formulae. The preceding technique was 
extended to a system of six equations in an ob­
vious manner. The fourth order Runge-Kutta 
method was chosen since it is self starting, ac­
curate, and will allow the use of large time 
steps in the integration. The self starting fea­
ture simplifies the· programming and reduces 
the memory requirement imposed to start other 
numerical integration techniques. The error 
of the fourth order Runge-Kutta method is of 
the order h 5, where h is the step size, and will 
allow the use of large time steps. While the 
processing time is considerably more than sec­
ond order techniques the increase in allowable 
step size more than compensates for it. 

While preparing the digital program an effort 
was made to combine the calculations due to 
the integration with other necessary calcula­
tions to minimize the processing time as well 
as the memory space requirements. This ap­
proach makes it difficult to trace the integra­
tion on the flow diagram of the digital program 
(Fig. 10). For example, the Runge-Kutta con­
stants are determined in block 6 and the varia­
bles are incremented for the calculation 
of the next constant in block 9 (such as 

"{T Kl V . 
V'''E + - ~ E) etc., and the equatIons are 

2 
evaluated with the incremented variables in 
blocks 3, 4, 5, 6, and 7. The new value of the 
integral at the end of each period is calculated 
in block 9. 

4.3.5 Utility Programs 

In order to satisfy the various data handling 
needs (type in, type out, punch tape, convert 
binary to decimal, etc.) an excessive amount of 
digital programming must be done. Fortunate­
ly, all these programs are already available, 
tested, and clearly described in the 375's "soft­
ware package". This is no small feat as one 
considers that the above programs, together 
with the numerous subroutines, normally add 
up to about 75% of all digital programming 
required. 

4.4 Analog Section 

The analog computer is the one link of the 
HYDAC 2400 system ideally suited for control 
system simulation by virtue of its capability for 
high speed, parallel computation and its input­
output flexibility. Output data can be dis­
played in a multitude of forms such as X-Y 
plots, strip chart plots, oscilloscope displays, 
auxiliary meters, etc. Special purpose input 
equipment can easily be adapted for compatible 
operation with the analog computer. 

The block diagram of Fig. 12 delineates the 
mechanization of the analog program. 
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As previously mentioned the TRFCS and ro­
tational dynamics were programmed on the 
analog due to their rapidly varying characteris­
tics. When the vehicle is in the atmosphere, 
the vehicle attitude is controlled by aerody­
namic control surfaces. The aerodynamic con­
trol moments are calculated from the surface 
deflections and the moment coefficients gener­
ated on the DOS 350 and transferred to the 
analog where the moments are produced and 
fed into the angular acceleration equations. 
The angular rates, generated from the angular 
acceleration equations, are used to calculate the 
Euler angles () and cpo These angles are used 
to resolve gravity into the body axis for use in 
the ex: and f3 equations. 

The redundant force equations for ex and f3 
are computed on the analog since they are re­
quired in the short period sensor equations 
which follow. The aerodynamic force coeffi­
cients in the ex: and f3 equations are generated 
on the DOS 350. 

The short period sensor equations are: 

T == Ts (1 - .1875 ex'2) - .375 ex: ex: Ts (15) 

~T == .021 (Ts f3 + Ts f3) (16) 

T is the temperature rate at the no~p. ~p.n~or ~ 
and LlT is the temperature- rat~.diff~;~ntial-b~~ 
tween the two wing sensors. The stagnation 
point temperature information Ts and Ts which 
is used in these sensor equations is calculated 
in the digital section. The T and ~ T are used 
in the TRFCS control equations shown below: 

BE == fl (T) (17) 

B'a == Kl (p, - fJ.c) + K2P + K3 BR (18) 

BR == f~ (LlT) + K4 Ba (19) 

fJ.c == f3 (T) (20) 

The T and ~ T terms supply damping to the 
control equations alleviating the heating prob­
lems associated with and undamped trajectory. 
Closed loop guidance is achieved by adjusting 
the pitch axis controls with a compensated down 
range error, DRE , and adjusting the p,c to com­
pensate for the cross range error, CRE • The 
pilot can manually control the range by adjust­
ing his temperature rate profile to eliminate the 
displayed down range and cross range errors. 

A cockpit simulator was utilized to evaluate 
the TRFCS in the manual mode, and is trunked 

directly to the analog computer. Computer 
outputs drive display meters on the TRFCS 
CONTROL PANEL which monitor the vehicle 
temperature rate, attitude, accelerations, con­
trol surface position and range errors. 

As seen in the analog program block dia­
gram, many of these parameters are trans­
ferred from the digital section. Some of the 
parameters, though not necessary for control, 
indicate trajectory status and therefore main­
tain the pilots confidence in his control infor­
mation. The above parameters and other per­
tinent data are recorded on strip charts and 
X -Y plots for permanent record of each flight. 

5. CONCLUSION 

A large number of test trajectories were used 
to evaluate the performance of the hybrid simu­
lation. An extensive check of the digital tra­
jectory calculatons with integration time step 
sizes from 0.05 sec to 2.0 sec was made. Com­
parison with trajectories calculated on an IBM 
7094 revealed errors less than 100' in altitude, 
0.1 fps in velocity, 1NM in range in the worst 
case (a 45 minute orbit transfer case). Re­
peatability tests on the complete system includ­
ing the flight control system were also made on 
unguided re-entry trajectories using the 
TRFCS to hold a fixed angle of attack (except 
for small excursion for damping). The range 
dispersion at the terminal point ·was found to 
be less than 1.5 nautical miles. When this is 
compared to the open loop sensitivity of range 
to angle-of-attack (365 NM/degree) it indi­
cates that the angle-of-attack error (including 
analog and conversion) is less than 0.004. This 
corresponds to less than 20 mv error in equiva­
·lent analog voltage. 

The true test of the simulation program is 
the overall performance and cost compared to 
other simulation techniques. For this purpose 
a careful study of the equipment complement 
required for an all analog and all digital was 
made. Table I shows the equipment comple­
ment for the hybrid simulation and an estimate 
for the all analog and all digital methods. 
Table II shows the cost comparison of the three 
simulation methods. The cost per hour is based 
on the relative purchase price of the equip­
ment. The analog equipm2nt is 1.5 times the 
hybrid and the digital .75 times the hybrid. 
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TABLE I. EQUIPMENT COMPLEMENT FOR HYBRID, ANALOG AND 
DIGITAL SIMULATION 

HYBRID ANALOG DIGITAL 
-------------------------------------------------------------

1-231R-V with 3-231R-V's with I-DCS 375 with 
205-amplifiers 600-amplifiers 8K-memory 
150-servo set pots 350-servo set pots 16--sense lines 
38-1,4 square multo 90-1,4 square multo 8-0CP lines 
3-electronic resolvers 30~servo set diode 2-interrupt lines 

(each contains function generators 
4_1,4 sq. multo 10-electronic resolvers I-DOS 350 with 

I-counter field 
2-logic fields 
I-Input-Output field 
I-AD converter 
I-multiplexer 

2-sine-cosine gen.) (each contains 

1-DOS-350 with 
l-serial memory field 
1--counter field 
I-arithmetic field 
3-logic fields 
I-Input-Output field 
I-AD converter 
I-multiplexer 

4-1,4 sq. multo 
2-sine-cosine gen.) 

4-DA converters 

1-DCS 375 with 
4K-memory 
16--sense lines 
8--0CP lines 
2-interrupt lines 

The cost comparison is made on the basis of 
100 hrs of running time on the hybrid system. 
It is estimated that half this time was run at 
real time and one half at 20x faster. While 
both the hybrid and analog are capable of 20x 
real time operation the digital is capable of 

20-DA converters 

only 2x real time. This is based on a digital 
calculation time for the short period of 40 
milliseconds, which allows 10 samples per sec­
ond for the short period when running 2x fast. 

From Table II is seen that the hybrid simu­
lation of the re-entry problem reduced costs 

TABLE II. COST COMPARISON BETWEEN HYBRID, ANALOG, AND DIGITAL 

ITEM HYBRID ANALOG DIGITAL 

ReI. Cost/hr of operation. 1 unit 1.5 units .75 units 
(assured to be directly proportional to 
purchase price) 
Cost of Real Time Runs 50 75 37 

Cost of Fast Time Runs 50 (20x fast) 75 (20x fast) 375 (2x fast) 

Cost of Day to Day Setup, checkout & 10 (10%) 50 (30%) 20 (5%) 
Downtime 

Total Cost 110 200 432 

Total ReI. Cost 1 1.82 3.93 
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over an all analog method by 50 % and over an 
all digital by 75 %. This saving can be attri­
buted to the high accuracy digital calculation, 
high speed analog computation, rapid auto­
matic setup and checkout features, concurrent 
2-variable function generation, and high speed 
logic operations available in the HYDAC 2400 
system. The operational and cost saving fea­
tures of the hybrid system add to its status as 
a powerful simulation tool. 
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