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FOREWORD

This final report deacribes the study conducted under Army Contract
DAAAQ9-74~C~2068, "Closed~Loop Optimization Program for the M60AL Tank
Gun Stabilization System.," The work was administered under the direc~
tion of the Thomas J. Rodman Laboratories. Mr. Jack Connors and Mr.
Verlia Baumgarth were the Contracting Officer's Representative and
Alternate, respectively. The work was conducted during the period
1 July 1974 to 31 December 1974.

This report was prepared by the Information Processing Department,
Bendix Research Laboratories, Southfield, Michigan. Mr, W, Binroth was
project supervisor for this program, and responsible for the analytical
effort, along with Mr, G. A. Cornell and Mr. R. W. Presley. The computer

simulation studies were gupported by Mr. T. A. Somer and Ms. J. A. Lindsay.

The report number assigned to this report by the Bendix Research
Laboratories is BRL/TR-75-7484.
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SECTION 1
INTRODUCTION AND SUMMARY

1.1 INTRODUCTION
The "Closed-Loop Optimization Program for the M60Al Tank Gun

Stabilization System" study project was undertaken by the Bendix Research

Laboratories under Contract DAAAQ9-74-C~2068 for the Rock Island Arsenal.
The objective was to develop a gun stabilization system in which per~
formance and reliability are optimized., It had teen concluded prior to
the initiation of this cuntract that fluidic approaches appeared attrac-
tive from the reliability and cost standpoint., The purpose of this
contract i3 to provide the Contracting Officers with conclusive evidence
and recommendations regarding the applicability of the fluidic approach
to tank weapons systems, vhile supplying a mathematical model of the
entire vehicle/control gystem. In order to provide this information,
fiuidic devices were to be considered without forcing incorporation of
a particular existing fluidic device.

The results of Phase I, discussed in this report, consist of a
requirement analysis, a model definition, and a system stability and
performance analysis. A detailed performance study of the different
applicable sensors consisting of electronic rate gyros, a hydraulic
rate sensor, an integrating accelerometer, a laminar vortex semsor,
and a pneumatic accelerometer were also included for future trade
studies., A complete error analysis for two of the sensors is recom-
wended in order to augment a decision cn the applicability of fluidic

approach2: in this area.

Control system design was performed in accordance with specifica-
tions which call for a pointing accuracy of 1/2 mil rms diameter circle
without a gunner operating the controls. A 3 dB bandwidth of at least
15 Hz 18 also desired. It is required that the system hardware be out
of saturation 98 to 99 percent of the time. The duration of an engage-

ment was specified to be 15 to 20 s,

1.2 SCOPE

For the purpose of deriving a realistic mathematical model of the
stabilization system, a study was made of existing literature on the
M60Al1 tank, and of previous system studies on the vehicle., Upon simpli-
fying models of the vehicle in the literature, where appropriate, and
independently devloping realistic models of the servovalve, actuators
and sensors, a complete control system model was derived. Selection
of the appropriate actuator system hardware to be used was carried out
in close cooperation with the Contracting Officer's Representatives.
Models were defined separately for the azimuth (turret) and elevation

1-1
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(gun) axes. In addition to the vehicle and gun models, the mathematical

model included the controller and compensation, the effects of nonlinear

valve flow, and static, coulomb, and viscous friction effects. The

effect of hull dynamics on tha system was also evaluated. A mathematical

model of coupling between axes due to roll motion was investigated analy-

tically with respect to the approximate effects on systeam performance

and pointing accuracv. Control laws were derived analytically in accord=-

ance vith the pe:formance specificatiuvns set forth prior tu the start

of the confiact. A control law was specified for both rste and position : i
command injut concepts,

From t'e model definition, an analog computer program was defined . 1
and programsed for each control concept. Diagrams and descriptions of 1
all programs used in this studvare contained in Appendices A and B, The
Rock Island Arsensl digital program "HITPRO" was adapted to the Bendix
Research Laboratories computer, and ths analog programs were,at that
point, modified to hybrid programs in order to accept inputs from HITPRO.
These inputs consisted of vehicle rates corresponding to those experi-
enced by an M60 tank while traversing the Aberdeen Proving Ground terrain.
Additional hybrid functions of thase programs consisted of a time delay
property of the laminar vortex sensor.

Prior to a complete hybrid computer analysis of ths system, an
analytical systems study was conducted in order to develop a fuller com—
prehension of the overall system behavior. The study also aided in the
development of digital check solutions for all of the hybrid computer
analyses. In addition, the snalytical study inciudes a sensor error
analysis and an evaluation of coupling of axes on pointing errors.

The hybrid computer simulation results consist of an evaluation of
the effects of nonlinear valve flow and hull dynamics, a comparison of
the rate and position control concepts, and a detailed evaluation of
each of the five sensors studied. The electric rate gyros, as they are
presently used in the field, were evaluated in both the elevation and
azimuth axes. The hydraulic rate sensor, the integrating accelerometer,
and the laminar vortex sensor were evaluated in the elevation axis, and
the pneumatic accelerometer was evaluated in the azimuth axis,

The conclusions reached on the basis of the computer analysis are
contained in Section 7. Recommendations as to future studies and stabi-
1lization approaches are contained in Section 8.

1.3 SUMMARY

A mathematical model of a suitable stabilization system for the
M60Al tank main gun was formulated and programmed. The mcdel was formu-
lated so as to include most of the significant nonlinearities such as
nonlinear valve flow and hull dynamics due to gun motion. A hydrid
computer analysis was performed to determine the operating characteris-
tics of the stabilization system, to evaluate prospective sensors for
sensing gun and/or hull rate, and to determine vhether a rate or a

1-2




position command control concept is preferable with respect to speci-
fied performance criteria.

The analytical study revealed that both the rate and the position
control concepts requirved a proportional plus integral control law in
order to minimize the gun tracking error., It was also shown that the
rate and the position concepts are equivalent in terms of nulling out
the effects of hull motions, and thus in terms of stabilizing the gun
after the target is in the sight. A computer analysis which followed
verified this equivalence. In addition, it was possible to show that
the effect of hull motions on the system can be minimized by either a
high control loop gain along with a iead-lag compensation network or
by using & hull sensor signal in the control law.

The extensive computer simulation analysis revealed seversal signi-
ficant conclusions in the areas of stabilization control philosophy and
sensor applicability. In the process of arriving at a full computer
model of the system for sensor evaluation, it was found that the effect
of hull dynamics on the gun was negligible. Nonlinear valve flow, how-
ever, was found to have a significant influence on system performance.

A linearized flow model was not sufficiently accurats for use in this
.tudy .

It was found that all five of the sensors s*udied meet the per-~
formance criteria set forth by the Contracting Officer's ..epresentative.
In additfon, this study indicates that these criteria can be met by using
only a gun sensor. If verified by further studies, the need for a cor-
responding hull sensor may be eliminated.

The detailed sensor study revealed that automatic offset and. inte-
grator drift nulling circuits are required when using an acceleration
sensor. A method which can be used for this purpose is described in
Section 5.5. In addition, it was determined that increasing the gain
of the acceleration sensor will decrease the sensor offset effects and,
hence, the drift rate. More generally, in the sensor study it was found
that sensor gain errors have a small effect on the tracking error. Also,
a combination of sensor deadband and gun or turret friction will cause
the system to limit cycle.

In order to compensate for sensor phase lag, feedback compensation
was found tec be required. Forward path compensation is desirable for
obtaining stability with higher loop gains for this system.
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SECTION 2
MATHEMATICAL MODEL DESCRIPTION

2.1 GENERAL

This section contains t.ue mathematical model of the gun stabiliza-
tion system as programmed on the hybrid computer., This model consists
of the vehicle model, servovalve and motor, sensor models, and the con-
troller. The azimuth and elevation systems are presented separately.
The effects of coupling are not included. The individual system com-
ponents are described in Sections 2.2 through 2.4. Also presented are
the controller models for the following configurations:

(1) ‘Rate control with two rate sensors

(2) Rate control with one acceleration sensor in gun axis

(3) Position control with two rate sensors

(4) Position control with one acceleration sensor in gun axis
A simplified block diagram of s rate control system with two rate sensors
is shown in Figure 2-1.
2.2 VEHICLE MODELS

The vehicle models consist of an elevation (gun) axis model and
an szimuth (turret) axis model. They include, respectively, the gun
and turret inartias, effects of friction, and hull suspension effects.

Lo 2

2.2.1 Elevation Axis Vehicle Model

The elevation axis vehicle model shown in Figure 2-~2 con-
sists of the combined gun and hull dynamics., For the gun dynamics, the
torque applied to the gun equals the actuator torque T, plus the dis-
turbance torque T4 acting on the gun, minus the trunnion friction torque
Tg.. It follows that the gun angular acceleration with respect to iner-
tial space is given by:

8 - !— -
e' J. (T, + T, sz)

The friction model is discussed in Section 2.2.3. The disturbance torque
T4 is generated, for example, by _a gun firing. The hull dynamics gener-
ate a hull angular acceleration 6, with respect to the tracks. This
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acceleration results from the reaction of the actuator torque and the
gun firing torque Tgf. The acceleration is given by:

--L
8, "7 [TA+T

e - (K'e + Ch) ]

gf D-a ehv hv]
wvhere the last two terms represent the hull suspension.

The terrain pitch rate °ht added to the relative hull rate
ehv gives the total hull pitch rate eh as shown below,

O = Onv * Ope

The angular rate of the gun with respect to the hull (ra:lative gun rate)
is given by:

A list of the vehicle elevation parameters is contained
in Table 2-1.

Table 2-1, Elevation Vehicle Parameters

Parameter Value Units

D.. 7.8 x 104 kg-m-8

D 166 -

gh kg-m-s
JB 527 kg-uhsz
J 1.73 x 10* | kg-ms?
he . g-m-8

6

K.e 9.85 x 10 kg-m/rad
¢, 40,500 kg-n/rad
g 0.01 s

.o v e e e




2,2,2 Azimuth Axis Vehicle Model

The azimuth axis vehicle model, shown in Figure 2-3, is
the same as the elevation model, except for the values of the moments
of inertia and friction. Angular positon is denoted by ¥ rather than 6,
as in the elevatinn model, A list of the vehicle azimuth parameters
is contained in Table 2-2. '

Table 2~2, Azimuth Vehicle Parameters . ‘
Parameter Value Units i
4 -
D ea 8.3x10 kg~m-8 ,
Dth 7.75 kg~m-s
3, 3140 kg-m-5>
4 2
Jha 1.84 x 10 kg-m-s
6
K. 9.4 x 10 kg-m/rad

TURRET DYNAMICS

1

FRICTION
MODEL

)= ¢

HULL DYNAMICS

R-109-%

Figure 2-3., Azimuth Axis Vehicle Model
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2.2.3 [Friction

Three types of friction, viscous, coulomb, and stiction,
are congidered here, Actuators generally have sigrificant quantities of
all three types. In addition, the turret and the gun trunnion may have
one or more of the friction types. The three types c¢f friction are
described below.

Viscous Friction

Viscous friction is proportional to the speed of the gun
relative to the hull,

Tv - Dv (68 - eh) (2-1)

Coulombd Friction

Coulomb friction is constant in magnitude. The sign, or
direction, changes when the direction of motor rotation changes.

T, = D_ sign (68 - 6,) (2=-2)

Stiction Friction

Stiction occurs each time the motor starts or reverscs
direction. It rapidly decays to zero. The sign changes when the direc-
tion of rotation reverses. Stiction friction is modeled by the follow-
ing equation:

Te 8

£ ..
T, 0, TH s ol Gg = 8y (2-3)

Total friction 18 the sum of the three types of friction for both axes:
Te= T, +T +T, (2-4)

When compliance is added to the model, the actuator and
trunnion friccions have different equations. When compliance is not
used, the equations are the same, and the actuator and trunnion friction
can be combined as is done here. The friction values given in equa-
tions (2-1) through (2-4) are the combined friction of the actuator and

2-5
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truanion, for elevation, For the azimuth axis, equation (2-4) represents
the combined friction of the actuator and the turret, ‘

The block diagram used for simulating friction ié shown in
Figure 2-4.,

An ideal circuit for friction simulation is shown in Fig-
ure 2-5. In this diagram, the breakaway torque AT is the minimum actu- ;
ator torque that will result in actuator movement. When the magnitude j
of Ty 18 less than AT and the gun is at rest, the friction torque exactly .
equals the actuator torque. At this point, no torque is applied to the
gun. For this region of operation, the friction is called static friction.

Tf - TA ('1‘f = gtatic friction)

When the actuator torque exceeds the breakaway torque, the circuit
switches to running friction, and T¢ is given by equation (2-4). A
torque is then applied to the gun, and gun motion starts. As long as
the gun speed exceeds the threshold value 40, the circuit stays in the
running friction mode regardless of the value of Tp. The parameters in
the friction model must be adjusted so that at the instant of switching
from static to running friction, the two friction values are equal.

2.3  SERVOVALVE AND MOTOR MODELS

The servovalve and motor for both the elevation and azimuth systems
are modeled as shown in Figure 2-6, This model includes a pressure feed-
back servovalve with nonlinear flow dvnamics. The voltage applied to the
servovalve is the sum of ¢ and Pg. The quantity € is the output of the
control law as described in Section 3. The quantity Pg is the output
of the pressure feedback network. The servovalve dynamics G, are repre~
sented by a first order lag, i.e.,

The servovalve gain is K. In the simulation, the deadband was assumed
zero while the valve area A, was limited to Ay p... The servovalve
flow rate Q, is given by:

Qv = CAv — for A.v >0

Ps + Pm
Qv = CAV 5 for Av <0

2-6
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Servovalve and Motor Simulation Block Diagram

C =» flow coefficient

Ps = gupply pressure

pn = motor pressure

The rate of change of motor pressure Py is given by:

PP SR,

. 2B
Pm-V—(OV-Qm-QE)




vhers
B8 = bulk modulus ‘
V = yolume

Q‘ = displacement flow rate, i.e.
Q. - RD- (6‘ - Gh)

and vhere RD, is the motor displacement reflected to the gun, For a
piston actuator, RDy is replaced by lAg. The model is otherwise unchanged.
na

Leakage flow Q; is assumed proportio to the motor pressure and is thus
given by:

QL =L PI

The resultant actuator torque T, is then given by:

The dynamic pressure feedback network Kp Gp is utilized for stabilizing
and improving the servovalve/motor response, The compensator Gp 1s
used to wash out the pressure feedback at low frequency or at steady
state. Pressure feedback without the washout would reduce the static
stiffness. The function Gp can either be provided by a servovalve de-
signed to have dynamic pressure feedback, or by an electrical network.
For each axis, the gain Kp is a system parameter that was varied to
obtain the desired system response., The pressure feedback traansfer
function is given by:

T 8
K G wK ——~_fe_
P P pl+ Tp 8

Table 2-3 contains the parameters of the servovalve and motor for both
the elevation and azimuth systems,




Table 2-3, Hardware Parameters
Parameter Value Units
B 10,550 kg/cu?
c 955 cn/s\/kg/cn?
D, Variable kg-n . "
3
D, Variable kg-n
Dv Variable kg-a-s
3, Negligible kg-n-82
L 0.116 ca/s-kg/ca®
3 210 (nominal) kg/ca? '}
.07
‘I’P s
K, 1 clzl (rad/s)
T 0.008 ]
n
Elevation
2
Av max 0.22 cm
RD. 2970 (initial studies) cnslnd
1311 (optimum value) cnsltud
v £v5 o
Azimuth H
A 0.45 cm2
v max
RD' 1639 clalrad
v 492 P
Linear Model
3aT/3m 2,08 x 104 kg-m-8
3T/ % 6.25 x 106 kg-m/rad
1 0.016 s , ’
¢ i
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2.4  SENSOR MODEL DESCRIPTIONS

2.4.1 General

A set of five diffarent sensors wezs selected by the Con-
tracting Officers for study, All five ssnsors were likely candidates
for this application, and it was desired to establish the performance
charactaristics of each sensor on a relative and absolute basis, in an
appropriata realistic environment. Properties of the slectric rate
gyros, the Generasl Electric hydraulic rate sensors, and the Honeywell
laminar vortex sensor were provided to Bendix by the Contracting Officers.
The model of the Airsearch pneumatic accelerometer was provided directly 1
to Bendix by Airsearch. The model of the Bendix integrating acceler-
ometer was obtained from Bendix personnel. For each of the three rate !
sensors, a configuration was used in which a sensor was placed at the : i
gun and in the hull, For the two accelerometers, a sensor was placed
ounly at the gun.

The models for the sensors are presented in terms of
transfer functions. All sensor models have provisions for adding thres-
hold and varying the sensor gains. All nominal sensor gains were con-
sidered unity. The sensor gain has no effect on response to commsnd
inputs or terrain disturdances. Gain distribution does, however, affect
the response to noise, and drift due to offsets. Noise and drift were
not studied in detail in this phase. When these effects are studied,
the actusl sensor gains must be used.

ondididint

2.4.2 Rlectric Rate Gyro Model

The electric rate gyros which measure the angular gun
rate and hull rate can be represented by a second order transfer func-
tion as given by:

where
w_ = 157 rad/s
n

c = 0.7

2-11
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2.4.3 JHydraulic Rate Sensor Model

The hydraulic rate sensor utilized in this study is manu~

factured by the General Electric Corporation. The dynamics of this sensor
can be represented by a second order transfer function as follows:

. 1 °
-
® 1+ %5 s+ —li o 8
n w,
* 1
6 = = é
hs h
14384412
W 2
n w

wvhere
= 0.707

and

v, - 40 x 2« rad/s

The following are additional characteristics of this sensor:
Scale factor: 0.13 psi/deg/s
Mass unbalance drift: 2 deg/s/g at 1800 psi
Noise: 0.6 deg/s (peak to peak)

Supply pressure drift: 0.3 deg/s/percent change in
supply pressure

Scale factor drift: 0.8 percent/percent change in supply
pressure )

2.4.4 Hydraulic Integrating Accelerometer Model

The hydraulic integrating accelerometer produced by Bendix
measures the gun acceleration 8g. Its transfer function is given by:

" s

egs 1T+ ™ 8 eg

2-12
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vhere
.
‘b a
and

u - 2% x 0.1 rad/s

The sensed acceleration is converted to a rate signal 5& by the rate
computation network shown below,

s, 1 o
0.‘-(14'1..)6‘. |

wvhere 1, is set equal to tp which is the time constant of the integrating
accelerometer,

Y T

If the sensor break frequency varies due to temperature
changes or other factors, the sensed rate signal becomes

. T, 8 - T, L+ 8] '
e;. ° 1 *Pt s (1 * 11 s ag " ?E 1+ T. [ ] eg ‘
b a b

Above the break frequency, the signal is not affected by the change in
break frequency. At lower frequencies, there is a gain change propor-
tional to the change in break frequency.

2.4.5 Laminar Vortex Rate Sensor Model

The transfer function for the laminar vortex sensor pro~
duced by Honeywell is a first order lag with transport delay, i.e.,

s . o T e = A Y I i A A, M b

-148
JREPL
gs 1+ 1. s 8
=148
L ;
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=T

vhere
q Al 0.01 s (transport delay)
T " 0.002 s (time constant)

2.,4,6 Pneumatic Accelerometer Model

The basic pneumatic accelerometer produced by Carrett .
Airsearch has a second order transfer function, with lead-lag compensa-~
tion, in a closed loop configuration. The block diagram of the sensor
is shown in Figure 2-7 where ' .

w, - 14,8 rad/s
¢ = 0.6

The accelsrometer saturates at 0.7 rad/lz.

The rate computation network vhich transforms the sensed
acceleration into a rate is a simple integrator.

2.5 CONTROLLER MODELS

The four controller model variations developed for this study are
described in this section, and are listed below.

(1) Rate command with two rate sensors

(2) Rate command with single acceleration sensor

(3) Position command with two rate sensors

(4) Position command with single acceleration mensor

Two of the variations considered are rate command systems where the gunner
comaands angular rates. One of the rate systems utilizes two rate sensors
(gun and hull) while the other utilizes a single acceleration sensor (gum),
Two of the models are position control where the gunner commands an angu-
lar position. Again, one of these systems utilizes two rate sensors

L P
[ ]
2 2., 0.0353 ¢+ 1 1 .
2 @ 0.007s + 1
h)" n

Figure 2-7, Block Diagram of the Pneumatic Accelerometer
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while the other utilizes a single acceleration sensor. Block diagrams

of each of these controllers sre shown in Figures 2-8 through 2-1]. Pro-
portional and integral control is utilized along with compensation networks
in the forward and feedback paths and on tha input in the position command
systes. The controller utilizing a single acceleration sensor requires a
rate computation network to transform the sensed acceleration into s rate.

These rate computation networks sre defined with the acceleration saensor
models in Section 2.4.4 and 2.4.6.

2-15
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SECTION 3
CONTROL SYSTEMS APPROACH

3.1 GENERAL

General requirements of the M60Al tank gun stabilization system
are as follows:

(1) To rapidly attain a target by means of gunner commands after
the target has been sighted by the gunner.

(2) To keep the gun on target after the gun has been aimed by the
guaner in spite of hull motions.

In order to satisfy criterion (1), it is necessary that the response
of the system be sufficiently fast so that the time from sighting the
target until firing of the first round be minimum, For satisfying cri-
terion (2), it {8 necessary to minimize the effects of vehicle hull rates
on the tracking error of the stabilization system.

Since the design of a control system for a given application is
subject to all performance criteria, the criteria for the M60Al gun
stabilization system are described in Section 3.2. Note that these
criteria are given in terms of pointing requirements as well as general
performance, Hardware acceleration performance criteria are also given.

The control systems approach utilized in this siudy for achieving
the specified performance criteria is described in detail in Sections 3.3.1
and 3.3.2, for the rate and the position command inputs, respectively,
It was specified at the start of the program that contemporary conven-
tional control system techniques would be used to achieve the desired
performance. If conventional techniques could not achieve the performance
goals, more complex optimal procedures would be utilized. At this point
in the development of the complete stabilization system, conventional
methods of synthesis appear satisfactory.

3.2 PERFORMANCE CRITERIA

The following performance criteria were utilized in the control
system design and hardware selection procedure for the stabilization
system.

(1) Tracking Error Requirements

The requirement for the tracking error is that it be within
a circle of 0.5 mil diameter 67 percent of the time. Data to verify
conformance with this requirement will not be obtained in Phasge I.
Therefore, a goal was set for the tracking error to be 0.5 mil peak to
peak or less for the HITPRO bump course at 8 mph.

3-1
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(2) PFrequency Response and Stability Requirements

The frequency response goal was 15 Hz bandpass. Bandpass 1is
defined as the frequency at which the amplitude ratio is -3 dB.

Gain margin and phase margin are two criteria which are fre-
quently used to indicate the system stability. In this study, the
following definitions are used to establish stability goals:

(a) Gain Margin = 1,0 = (open loop amplitude ratio at
180 deg open loop phase lag)

(b) Phase Max ... = 180 deg -~ (open loop phase lag at
gain crossover)

(¢) Gain Crossover = frequency at which the open loop
amplitude ratio is 1.0 (or zero dB)

A gain or phase margin of zero indicates an unstable system. The greater
the gain or phase margin, the less likely it is that instability will
occur due to variation in control system compounents., The goals are a
gain margin of 0.5 or greater and a phare margin of 35 deg or greater,

(3) Acceleration and Speed Capability of Actuators

The goal for the elevation actuator system is to accclerate
to a speed of 60 deg/s in 10 deg of gun rotation, starting from rest.
The goal for the azimuth actuator system is to accelerate to 90 deg/s
in 45 deg of turret rotation, starting from rest,

(4) Gain Variation

The control system ghall be designed to minimize the effects
of rate sensor gain variation and friction.

3.3 CONTROL LAW DERIVATIONS

The control synthesis approach utilized for this study is outlined
in the following two sections, for the rate command input (rate control
system) and the position command input (position control system), respec-
tively. For the rate control system, a hull rate cancellation technique
and a lead-lag stabilization technique are presented. The position
control system is mathematically compared to the rate control system.

3.3.1 Rate Control System

A simplified block diagram of a rate command stabilization
system-is shown in Figure 3-1. The inputs are the command rate 84 and
the hull rate 8. The output gun rate eg, which 1s compared with 64
to generate an error, is processed by the controller Gj. An additional
output is the gun attitude angle 6y,

3-2
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Figure 3-1, Simplified Block Diagram of a Rate Command
Stabilization System

The objectives of the control system are to have the gun
rate follow the command rate and to have the gun angle 98 stabilized
with respect to hull rate inputs.

Using proportional plus integral control, it follows that:

where
Kr = proportional gain
Ki = integral gain

By use of integral control, the steady state tracking error TE = g - 0
is a constant for command rate and hull rate inputs. Increasing the
gain Kj will decrease the tracking error. Stability consideratioms,
however, dictate a practical limit on Kj. In order to handle this prob-
lem in an alternate way, two methods were devised to reduce tracking
errors due to vehicle motions. These two methods are described in de-
tail in Section 5.3.
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The first of these methods is a hull rate cancellation
technique. The hull motion 6}, is sensed and is then used in the control
laws. The control signal output ¢ is therefore given by:

c-(|<1,+-.—"(¢a.-e'as)-lcheh

where
Kh - K3 = gain of the hull motion effect on the gum rate

The second method uses a single gun sensor and does not
use a hull sensor. The tracking error is reduced by increasing the
loop gain and introducing a lead-lag network to maintain stability.
The control signal output in this case is given by:

T 7, s+ 1 K

1 1 . .
ET L\t s+ 1 Kr + 8 (en - eg)
112
vhere
tzlrl = 10

3.3.2 Position Control System

The block diagram for position control with proportional
plus integral control is shown in Figure 3-2. The gunper gemerates an
angular positon command 65 rather than a rate command 8g. The position
command signal is differentiated and compared with the gun rate signal
to obtain the rate error signal. Since perfect differentiation cannot
be achieved, a first order lag wich time constant vy is included in the
input compensation.

$

In addition, the gun rate signal is integrated and compared
with the input position command to obtain the position error signal.
Potentiometer feedback was not used as this would have resulted in in-
creased sensitivity to hull sensor gain errors, and increaged drift rate.

The position command system can be shown to be mathematically
identical to the rate system except for the first order lag t{ in the
input compensation., (This is discussed in more detail in Sections 5.2.2
and 6.3.) On this basis, the tracking error for hull rate inputs is
identical for the rate and the position control systems. In order to
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perform a meaningful comparison of the two control system concepts, a
rate command input was assumed for both, Under these conditions, for
ramp position command inputs, the tracking error is also the same for
both the rate and the position systems, as long as the input lag t{ is
zero., If t4 18 large enough to affect the system response, or if

input comp-nsation 1s not used, response of the position control system
to rate inputs will be slower. However, one advantage with the position
control gystem is that a position command signal can be used. This re-
sults in considerably faster response to the process of aiming the gun
at a target for the position control system, even if input compensation
is not used.

o - o = - -y .. POSITION COMMAND
H CONTROLLER : 6, GUNRATE
: . L i .. GUN ANGLE
' ries ! ’ | ¢  CONTROLLER OUTPUT SIGNAL
b : 6, HULL RATE
' PO TS s s e o G s e -—— e o
i K, § | VEHICLE AND -}
' | | ACTUATOR i
! (I . !
i + comeensation) 1,1 % + 1

X; + oR 6z - o
| - = cAnceLLATIONE | | ' i
! I I
! K t |

| 1 |
: 1 K On ' Ky !
f s ' L 1
t I |
IR SRV NS R S, O —— B S
b
A-109-8

Figure 3-2, Simplified Block Diagram of a Position Command
Stabilization System
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SECTION 4
HARDWARE SELECTION PROCEDURE

4.1 GENERAL

For the purpose of this contract, a study was performed for select-
ing the appropriate actuator hardware in each of the two axes to meet the
following set of specifications set forth by the Contracting Officer’s
Representatives:

Axis Slew Rate Requirement
Azimuth 90 deg/s in 45 deg
Elevation 60 deg/s in 10 deg

These specifications were not previously required for the M60Al
actuators. A mathematical model of the hardwara was thus derived (Sec-
tion 4.3), and from this model the appropriate servovalve, accumulator
volume, transmission gear ratio, and motor displacement were selected.
The selection results for the elevation and aximuth axes are given in
Sections 4.4 and 4.5, respectively, A total pump flow capacity of
30 gpm vas assumed in this study.

Upon completion of the study, the hardware was jointly selected
by Bendix and personnel from Rock Island Arsenal, for inclusion in the
subsequent computer study.

4.2 HARDWARE CONSIDERATIONS AND ASSUMPTIONS

An gctuator is considered optimal if it achieves a maximum turret
or gun acceleration. If the actuator displacement is too small, the
actuator torque will not be great enough to rapidly accelerate the load
inertia. If the actuator displacement is too large, the pump will not
provide sufficient flow to reach the desired speed. It follows that
an optimum actuator displacement exists which 1s small emough to obtain
the desired speed with the available pump flow, and large enough to ob-
tain rapid acceleration. Likewise, the servovalve flow area should be
large enough so that significant pressure drop does not occur across
the servovalve during acceleration., A model for the actuator system is
illustrated in Figure 4-1,

For the purpose of this analysis, it was assumed that a variable
delivery constant pressure pump would be used. The schematic for this
type of pump is shown in Figure 4-2. The pump servovalve passes fluid

P
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either to or from the control piston, depending on the sign of the pres-
sure error, If the pressure is higher than the set pressure, the valve
passes fluid from the main circuit into the stroking piston cylinder,
thus decreasing the delivery of the pump so that the pressure will be
reduced. La the other hand, if the pressure i{s low, the valve passes
fluid to the pump case and the control spring forces the pump displace-
ment to increase,

Thus, as the flow demand changes, the pump displacement autcmati-
cally changes to maintain the supply pressure constant, within the flow
range of the pump,

The following hardware and fluid properties were neglected, since
they would not affect the choice of the optimum actustor systewm.

® Pump dynamics

® Fluid leakage

® Fluid compressibility
® Friction

The pump dynamics and the compressibility lag are generally suf-
ficiently fast to have negligible effect on acceleration. Use of an ac-
cumulator slows the pump response. This effect was neglected for this
study. The addition of pump dynamics would add considerably to the com-
plexity of the simulation,

The turret and gun acceleration achieved in practice will be a
little less than the values obtained in the study due to the effects of
friction and leakage.

The parameters which must be optimized to obtain the best perform
ance are the product of transmission ratio and motor displacement RD,,
the maximum servovalve flow area (A, p,,), and accumulator volume V,.

The product RD, is the motor displacement reflected to the turret or gun,
respectively,

4.3  MATHEMATICAL MODEL OF THE ACTUATOR SYSTEM

The pump model assumed here provides that pusp flow % equal to
that of the motor Qy below the maximum pump, flow in accordance with:

Qp - Q. , for Q- < 20 gpm
(4-1)
= 20 gpm , for > 20 gpm
% % 2

The maximum pump flow for a single axis was taken to be 20 gpm. How-
ever, a 30 gpm punp should be used to provide the required flow when
both axes are activated simultaneously,




It follows for the azimuth axis that equating the motor flow to
the servovalve flow ylelds:

. s n i
RD- *t - c‘v - (4-2)
* H
Squaring equation (4-2) and solving for P;: ;
2 .
KD
n 2
PP - EZ; ;t (4~3)
The turret acceleration is:
v ID-
*t ) Jt P- (4-4)

The accumulator is shown in Figure 4~1. The volume of gas under
the diaphragm is initially charged to the supply pressure. The volume
above the diaphragm is filled with hydreulic fluid., When the hydraulic
fluid is at the desired supply pressure, approximately one-half of the
accumulator volume is filled with gas, As long as the servovalve flow
does not exceed the pump flow capability, the pump will maintain the
desired supply pressure, and the hydraulic fluid and gas volumes will
not change, When the valve flow exceeds the pump flow, hydraulic fluid
will flow from the accumulator, the gas volume will expand, and the
supply pressure will drop. This process is adiabatic and it follows
that:

(4-5)

Differentiating with respect to time:

vEklg svkp

kP
s a a a 8

4-4




Solving for 2

s a (6-6).

The rate of change of gas volume equals the difference between
the motor flow and pump flow,

6. - Q- - Qp » Wwhen Q- > QP

4-7)

V. =0 s When Q. < Qp
For a hydraulic motor, the displacement flow is given by:

Q= o, ;: (4-8)

The gas volume in the accumulator and the supply pressure are:

v-v+f\'vd: (4-9)
a o a
vhere
Vo = steady state gas volume in accumulator at 3000 psi
6;
P. - Pao + k P. V: de (4-10)

Equations (4~1), (4~3), (4-4), and (4-7) through (4-10) were used
for the computer study to determine the actuator system sizing. The
same set of equations was used for the elevgtion axis, with only a
change in parameters and a substitution of 8g for V.

Table 4-~]1 lists the actuator system parameters.

4~5
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Table 4-1, Parameters for Hardware Selection Study

Paranmeter Value Units
c 100 in/s\/psi
Jg 3800 slugs
J‘ 22,700 slugs
k 104 had
Pno 3000 psi
V° one-half 1n3

accumulator
volume

4,4 ELEVATION AXIS HARDWARE SELECTION

Results of the hardware selection procedure for the elevation
axis are summarized in Figure 4-3, Gun elevation rate achieved at an
elevation angle displacement of 10 deg is plotted for three different
servovalve areas and numerous values of the product of transmission
ratio R and motor displacement D,. It is evident from Figure 4~3 that
with a servovalve area of 0,034 inz, the gun elevation rate exceeds
60 deg/s in 10 deg of displacement for values of RD, between 50 and 110.
For maximum rate, a value of 80 for RD, was selected for elevation.

Since servovalves are generally rated in terms of gpm flow at a
pressure drop of 1000 psi instead of effective flow area, an appropriate
conversion is achieved by use of Figure 4~4, This figure also indicates
which commercially available valves can handle a given application. The
flow area of 0.034 inZ 1s thus equivalent to a 20 gpm servovalve, and
the largest available MOOG series 30 valve can be utilized for this
application. A 20 gpm servovalve was therefore selected. A MOOG
Series 30 valve was also used in an actuator system utilized in the past
by the Chrysler Corporation for the M60Al main gun.

A time history plot for the gun elevation angle, the elevation
rate, and the accumulator gas volume is contained in Figure 4-5. As
indicated by this figure, the accumulator was not used in the first
10 deg of elevation displacement. Therefore, an accumulator is not re-
quired for elevation. An elevation accumulator may be of value, how-
ever, when both the gun and turret are rotated simultaneously.
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4.5 AZIMUTH AXIS HARDWARE SELECTION

Results of the hardware selection for the azimuth axis are summar-
ized in Pigure 4~6, Turret azimuth rate achieved at an azimuth displace-
ment angle of 40 deg is plotted for three different servovalve areas and
nuacrous values of the product RDp. It is evident from Figure 4-6 that
a rate of 90 deg/s in 45 deg displacement is not possible. It was there~-
fore decided to choose the valve and motor combination which maximizes
rate at 45 deg displacement,

In accordance with Figure 4-6, a turret speed of 70 deg/s is obtained
with A, equal to 0.07 in2 and RDy values of 100 to 120 in3/rad using a
1 gallon accumulator. Therefore, these are the recommended values,

Figure 4-7 demonstrates the effect of reducing or increasing the
accumulator volume from 1 gallon. Increasing the accumulator volume above
1 gallon has no effect, while reducing the volume has only a minimal effect.

Figure 4~8 shows the turret rotation required to accelerate to a
speed of 90 deg/s. If this criterion had been used, an RDp of 90 and a
2 gal accumulator would have been selected, However, an RDy of 100 ap-
pears to be the best overall choice when allowance is made for torque
loss due to friction.

As indicated by Figure 4-4, the selected 0.07 in? servovalve flow
area is equivalent to 40 gpm flow at 1000 psi pressure drop. This is
within the range of the MOOG 72 and 73 flow control servovalves,

A time history plot for the turret azimuth angle, the turret azi-
muth rate, and the accumulator gas volume is contained in Figure 4-9
for the selected values of RD, and A,.

A curve for each of the azimuth and elevation axes, which shows
the range of values available for R and Dy, is contained in Figure 4-10,
The product RD, was determined to be 100 and 80 for the azimuth and
elevation axes respectively,
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SECTION 5
ANALYTICAL SYSTEM ANALYSIS

5.1 GENERAL

This section contains an extensive analytical analysis of the rate
and positon control systems which was performed prior to the simulation
analysis, By means of this study, it was vossible to gain valuable in-
sight into the behavior of the system and to derive starting values for
the rate, proportional, and integral gains of the control law., In addi-
tion, two methods were derived to reduce system tracking errors., An
analytical sensor error study and an outline of a coupling model are
also presented.

For the purpose of this analytical study, the control system was
linearized and simplified, where possible, while retaining basic system
functions. This simplification of the system is described in Sec~
tions 5.2.1 and 5.2.2 for the rate and the position control concepts,
respectively. Transfer functions for the system described here showed
how the systems should be designed to achieve the desired performance.

Initial gain values for the nonlinear computer models were also
determined from the linear study. These gain values were varied, and
compensation was used to achieve the desired performance with the non-
linear flow equations, sensor dynamics, and other nonlinear effects and
lags.

5.2 LINEAR SYSTEM DERIVATION

5.2.1 Rate Control System

This section contains the derivation of the linearized rate
control system shown in Figure 5-1. The following nonlinearities were
omitted in order to simplify the transfer function:

(1) Friction
(2) Sensor dynamics

(2) Compliance

Since pressure feedback dynamics have negligible phase
shift at the natural frequency, this effect can be represented by a
constant as shown in Figure 5-1.
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The nonlinear flow and torque equations from Figure 2-6
are given by:

P ~-P
s _m, S -8 v
v 3 an (e8 eh) + LPm + T st (5-1)

‘1‘A = RI)m 1’n (5-2)

Linearizing by partial differentiation yields:

P ~-P CAVD
AA - Apm - RDm -] (Aes - Aeh) + LAPm

+ == 8AP_ . (5~3)

8 0 () v
¢ 7 AN -0 Tat e %y
m s o m
+RD_ 8 (Aeg - 88,) (5-4)
where
Ps - Po
Qo = CAvo 2 + 2L (Ps - Po)
Rearranging terms, and defining new parameters gives:
-2t 3T __ 3T .o _ ¢
TA 1+ Tc s [ae € an (eg eh)] (5-5)

5-3
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wvhere

[ Av

(P, = P)

e
[ Q° B

2 (Pl - Po’

QO
oy _ R0, (®, - B)

* vz, -r)
CA,,+2L V2 (>, -P)

Assuxing T

3T
on 2 (RDn)

« T, = 0, gun acceleration 1is given by:

d fg

(5-6)

ol

The control law developed in Section 3.2 is:

K
i . . .
;-(xr+.— By -8 - K, & -7

Upon solving equations (5-4) through (5-7), the system transfer function

is:
Kr
H 1+ EI s
e E— (5-8)
9. 1+ B:N + asz + -3
§ Buysg Bugs
where
2 1 [T, 2T
“NS Jg T (3n Kr o€ (5-9)
5-4




where

aT
Ky 3¢
Buys ™ 3T, ot (5~10)
n T d¢
1+x 3T
: awye = —-1;JL-' (5~11)
c
The steady state leéz gain is:

3T ;
T Ky 9e |
ro Y J (5-12) i
e l1+K — ;
8 P 3¢ 1
:
The response to terrain input is: :
3
2
H T aT i
8 =ek = _
7"33—-?%35'%- (5-13) '
n  Fiae ¢
!
!
i

Gc = cubic denominator of the transfer function
It follows that the gun motion, or tracking error, for a terrain input ;

is zero if

AT/3n :

5 = /e

However, since the torque speed slope is nonlinear, perfect cancellation
over the complete range of operation may not be possible,

5.2.2 Position Control System

This section contains a derivation of the linearized ele-
vation position control system shown in Figure 5-2., As indicated in the
figure, the inertial gun position feedback signal is obtained by integrating

5-5
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the gun rate sensor signal. A potentiometer was not used for the position
feedback bacause it would have been necessary to add the hull position to
the potentiometer signal to obtain the inertial position signal, This
would have made the system very sensitive to hull sensor gain variation.

The contrul law for this system is given dy:
t-‘t (e.-e‘)a-xr (e.-e')-uheh

Since a position command input will generally be used for the position
command system, the command rate signal 6, will not be readily available.
This signal can be omitted, or it can be obtained by pseudo differenti-
ation of the input command signal as shown below,

e.‘l-&-tilel

Including the 5. term results in faster response to command inputs.

Other equations for the position control concept take the
same form as those for the rate control concept.

It follows therefore that the position control transfer
function is given by:

xr 1
1+ == s
31. K:l 1+1!.
] 2 3
s as [ ]

1+-2— 4 +
Bu 7 3
§  Buyg  Buyg

The steady state response to & hull rate step input is:

T aT
_an-Khar:5
g L h
1 d¢

De
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The transfe:z functions for hull rate and disturbance torque inputs are
the same as for the rate control system. Therefore, tha response to
these inputs is identical for the two systems.

The response to identical rate command inputs will be the
eame for both systems if the pseudo differentiator lag vy equals zero. ? 1
This condition was usad in the simulation for showing the equivalencs i
of the two systems, as discussed in Section 6.3. S.nce position command
inputs will generally be used vith the position control system, the
response time to rotate the gun to a commanded angle will be shorter
vhether or not the input rate signal 64 1s used.

35.2.3 Linear Model Parameters ) ]

Yor model development and prelininary studies, the actuator
displacement and volume under compression were obtained from the bibliog-~
raphy. The parameters developed here corresponded to the slevation axis:

ons ant

3
2 16,37 &=,

ID- - LA’ = 38.4 in. x 4,72 in m3

vhere

o P A

B = 2970 ca’/rad

V « 895 ca’

The supply pressure and maximum servovalve area were taken to be
P_ = 210 kg/cm’
s " kg/cm

- 2
A max 0.2 cm

The linearized actuator parameters are:

P -P
2 2°s o
100 (R0y) T

a,
an
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P =P
T = %, s -]
c Q°
BT 2 Pu = Po
100 Avo

The effective servovalve area A, and pressure P, are
typically taken to be equal to one-half the maximum gervovalve area and
one-half supply pressure for linear analysis., Thus, the linearized
servovalve parameters are:

P =2 (""“
[ 0 210 - 105
Q° - CAVo 2 955 x 0.1 2

giving

q = 695 cn’/s

Also
T o 2 (297002 302 = 2.66 x 10° kg-u-s
T - i%%%gﬁ x 38 = 0.013 6
35 = 0.02 x 2970 x 12 = 6.25 x 10* kg-n/rad

Generally, the linearized parameters must be varied some-
what to obtain the best ccrrelation with the nonlinear system. To
achieve this correlation, the following values were used:

gT 2,08 x 10 kg-m/s

t = 0.016 s

Cc

A . 6.25x 10® kg-m/rad

5-9

Tl e ke ekl Tt e i e . Sa e R At

it et MM

Y

T A s 2T 2 S e M Y S T K

e S

hdis s

L

S E v e s e

o ;

0 8 i




The initial gain values for Ky, K, and K, were determined
as follows. The bandpass goal was 15 Hz. Thus, a bandpass of 16 Hz
was selected for the linear system, to allow some performance margin.
From equation (5-9)

1 2 ar
K * /e (‘c Jugg = an,
and for

ung ™ 2n x 16 = 100 rad/s

it follows that:

K - ————1-—7 (0.016 x 527 x 100° - 2.08 x 10%) = 1.0
6.25 x 10

From equation (5-10)

Ky = Bugs |Ke * 31/3¢

3T/3n )

In this expression, 8 should equal 0.35 for the dbest linear system re-
sponse, and a should equal 0.7. Thus:

K, = 0.35 x 100

2.08
i

1.0 + —6.25]- 47

Equation (5-11) specifies that:

1
K = 37/3¢ (@T¢ “ys ~ 1)

Upon substituting numerical values, it follows that:

K & ——L1  (0.016 x 0.7 x 100 - 1) = 2 x 10~°

P 6.25 x 10°
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S5¢2.4 Linear System Response

Based on the tranafer functions presented in Sections 5.2,1
and 5.2.2, a digital computer solution for time and frequency response
was obtained. Using ideal sensors and the parameters for the elevation
axis, the resulting time response is illustrated in Figure 5-3. Note
that the time response exhibits a 7 percent overshoot. A solution for
system frequency response is illustrated in Figure 5-4. This figure

* shows that a bandpass of 18 Hz was achieved.

5.3 TRACKING ERROR REDUCTION

This section deals with the method of reducing the gun tracking
error due to motions of the hull, Referring to Figure 5-5, which is a
simplified block diagram of the rate command stabilization system with
proportional and integral control, assume a constant hull rate input
8y, and no command input (6 = 0). In steady state, 65 = 0 and Qy * Qn.
Then:

3T/on ¢

€= =31/% °h

Since the tracking error TE is given by:

TE=6_ =9
s 8
c= Kr (9‘ - 88) + Ki (6’ - 93)

then the steady state tracking error is:

€ 3T/3n =
TE ® = = o— = = —+t28_ ¢
g l(i Ki 3T/3c 'h
. It is desired to reduce this tracking error so that the gun is stabi-

lized with respect to hull motions.

Two methods can be used to reduce the tracking error: The first
method is a cancellation technique. Equation (5~13) shows that hull
motion will cause no gun motion, and thus will result in no tracking
error, if

9T/3n
K ™ 3T/3e
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FPigure 5-5, Simplified Block Diagram of the Rate Command System

Therefore, hull motion can be effectively cancell2d by using the output
signa) of an inevtial hull sensor with gain Kj in the control law. Com-
plete cancellation of hull motion coupling for the actual system, how-
ever, cannot be obtained due to nonlinearities and compresgibility. 1In
addition, gain variations due to such factors as aging and temperature
will cause some tracking error, The cancellation technique, however,

is very cffective in reducing gun wotion.

The second method uses only a single gun sensor, No vehicle motion
signal input is provided for this system, The tracking error for the
system will be inversely proportional to the error signal amplification
and, therefore, a very high gain must be used, A lag-lead network is
required to lower the high frequency gain for stability. The design
technique is to first adjust the gains for the stable operation with
the desired response. The gain required to lower the tracking error to
an acceptable level is then determined. The lag-lead network is designed
to maintain the high frequency gains at the original values for stable
operation, while a higher gain is obtained at low frequency for low track-
ing error.

The higher gain and lag~lead network can also be used with the can-
cellation technique to reduce the sensitivity to variation of some of
the gains.
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5.4  SENSOR ERROR ANALYSIS

5.4.1 General

The effect of sensor errors on the control and stabiliza-
tion system is the subject of this section. Sensor errors considered
here are gain errors and offset errors. Only the rate command system
is analyzed in this section. It is assumed that in both the rate and
position command systems, the gunner will zero the tracking error with
or without sensor errors., On that bagis, sensor errors have an effect
only on stabilizing the gun in the presence of hull motions. As descrited
in Section 5.2.2, the response to hull motions 1s identical for both the
rate and the position command systems.

The analysis presented here will consider a system
utilizing:

(1) Two rate sensors (Section 5.4.2)
(2) A single acceleration sensor in the gun axis
(Section 5.4.3)
5.4.2 Two Rate Sensors

Figure 5-6 18 a simplified block diagram of the rate con-
trol system with two rate sensors. The transfer function of the sensors
is assumed to be Y(s) with unity gain. For zero sansor gain errur,

Kbh = Kpg = 1. The sensor offset errors are cp and eg.

A hull sensor gain error has the same effect as a change
in K. The effects of changes in K, were investigated using the simula-
tion and are described in Section 6.

A hull sensor offset error will give a constant steady
gtate tracking error. This 1s determined as follows: Assuming that
fg = 6, = 0 and 6, = 0 (in steady state), then ¢ = 0 and =Kj 8o = Ky €p.
8 g 3 h “h
Since the tracking error TE = =6g»

TCL = — ¢

Typical gain values are Ky = 0.15 and Ky = 50. Therefore, the tracking
error in radians for an offset error in rad/s is TE = 0.003 ¢y,.

A gun sensor gain error will have little eifect on the
stabilization system since it only changes the loop gain and is like
changing Kr and K;. The effect of a gun sensor offset error eg is analyzed
as follows: Assuming g = 0, and 8y = constant, then in steady state,

Ogs = 0. Therefore, 6g = €5, Since the tracking error is given by
TE = 65 - 8g, it follows that TE = feg dt.  The tracking error for a gun
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Figure 5-6, Simplified Block Diagram of the Rate Control System
with Two Rate Sensors

sensor offset will therefore increase with time. As a result, it is
mandatory to minimize the gun sensor offset error or devise a method

of eliminating its effect. Section 5.5 discusses a method of eliminating
sensor offset errors.

S.4.3 Single Acceleration Sensor

A simplified block diagram of a rate control system with
a single acceleration sensor in the gun axis is presented in Figure 5-7.
Both an integrating and a pneumatic accelerometer are shown, along with
the corresponding rate computation networks. :

For both of these acceleration sensors, a gain error (i.e.,
Kpg # 1) has the same effect as the rate semsors. The loop gain changes
with the gain error, but the influence on the tracking error is small,
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Figure 5-7. Simplified Block Diagram of the Rate Control System

with a Single Acceleration Sensor

For the integrating accelerometer, the effect of an offset

error is synthesized as follows: In steady state g5 = 0. Therefore,

T

1 b -
6”-0 1+Tl 1bs+1eg+eg
It follows that
-~ 1
eg -8 eg - Tb s g
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Since the tracking error is TE = -0g»

€
'rz-fe dt+ﬁid:dc
g Tb

The tracking error will therefore increase with time for a constant off-
set error. Its effect, however, can be minimized by increasing the time
constant tp. For the pneumatic accelerometer, the effect of an offset
error is determined in a similar manner., In steady state, 8gg = 0 so0
that

De

-&
The tracking error 1is therefore

=9 d
TE s-ffestdt

Again the tracking error will increase with time for a constant sensor
offgset error.

5.5 METHOD OF ELIMINATING THE EFFECTS OF
INTEGRATOR DRIFT AND SENSOR OFFSETS

The sensor error analysis in Section 5.4 shows that gun sensor
offsets cause the gun to drift, and hence the tracking error to increase
with time. A method has been developed which automatically nulls out
the effects of integrator drift and sensor offsets. This method is
illustrated in Figure 5-~8. The sensor and integrator shown are parts
of the original system, The track/store amplifier operates such that
the output tracks (equals) the input when in the track mode, and stores
(holds) the output when in the store mode.

The amplifier is ordinarily in the store mode so that the output
of the sensor 8,. (gun rate in this case) is integrated to give the gun
angle. At the gime it is desired to null the sensor offset cg and the
integrator drift e4q, the track/store amplifier is put into the track
mode.  This must be accomplished during a period when the actual gun
rate 6g is zero. Under these conditions, when the network reaches steady
state, its output is zero, effectively nulling the offset and drift.
Switching the amplifier to the store mode returns the system to normal
operation except that now the drift and offset are nulled out.
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Figure 5-8. Method of Eliminating the Effects of Integrator Drift
and Sensor Offsets

Two of these networks are required for an acceleration sensor
system while only one is required for a rate sensor system, In addi-
tion, the network is required only for the gun sensor since ap offset
error in the hull sensor results in a small tracking error which does
not increase with time.

In order to implement this type of drift and offset elimination,
the gunner can be provided with a pushbutton switch which activates
all the nulling networks. A timer could also be utilized to automati-
cally return the gystem to normal operation after the nulling process
is completed.

$S.6 EFFECT OF GYROS ON RESPONSE

A block diagram for analysis of the effect of rate sensor dynamics
on response is presented in Figure 5-9. The transfer function for a
command input is

Kr )
o 1+-—38]D
%. Y | 8
] Kr Da Dg
s 1+-I-(—+K x]s
i a 1
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vhere
DB = denominator of gyro transfer function
K. = gain of actuator and gun transfer function
D‘ = denominator of the actuator and gun transfer function

The gyro dynamics, represented by Dg, add a lead term to the
transfer function, which will increase the overshoot to a step input
command. The gyro dynamics also add phase lag to the open loop sys-
tem, and thus will reduce the damping. Therefore, compensation must
be used to reduce the overshoot and phase lag resulting from the sensor

dynamics.

5.7 FORWARD VERSUS FEEDBACK COMPENSATION

Lead-lag compensation must be used to reduce the overshoot and
phase lag resulting from the sensor dynamics. In this section, a com-
parison is made between using this type of compensation in the forward
or in the feedback path.

The block diagram in Figure 5-10 shows a system open loop transfer
function with a gain term Kg in the numerator, dynamic terms Dg in the
denominator, and with feedback compensation N./D.

The closed loop transfer function is

The block diagram in Figure 5-11 shows the same system with for-
ward compensation, The closed loop response is

The response with feedback compensation has a lead term equal to
the compensation denominator D,., The response with forward compensation
has a lead term equal to the compensation numerator N.. Generally, the
smaller the lead time constant, the less the overshoot will be. There-
fore, when lead-lag compensation is used, it should be in the feedback
path., When lag-lead compensation is used, it should be in the forward
path.
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in Forward Path
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5.8 SYSTEM STIFFNESS

Stiffness is the reciprocal of the response to a disturbance
torque. The static stiffness can be considered as the equivalent spring
rate of the system, The tracking error resulting from a constant dis-
turbance torque equals the disturbance torque divided by the static
stiffness. The stiffness transfer function is

2 3 4
Td 1+ a s + a,s + a; s + a, s
o K° Q-+ r s) 1+ T, s) + K T i 2
8 P e’
wvhere

1 aT aT

" xg_r_[an""*"‘ip ae]
i ¢
1 3T

a, . T J8 + Tp an + Kt ae]
i de

o1 3T

a, xg:L[Js(r +1)+K Tpae]
1 9¢
1

4 x?.’!.Jacp
i 3¢

The static stiffness is given by

- 21
l(c.) Ki de

The stiffness should be high to minimize the effects of disturbance
torques, Disturbance torques can result from gun bending mode vibrationms,
coupling, and bumps in the road. The static stiffness can be increased
by increasing the system integral gair Kj. When Kj is increased, a low
frequency dipole must be used in the forward path to lower the gain at
high frequency as required for stability.

The analysis in Section 5.9 shows the effect of stiffness on track-
ing errors resulting from coupling.
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3.9 COUPLING

The azimuth and elevation stabilization systems are coupled by both
gyroscopic and hull roll rate effects. This section discusses this
coupling and methods of minimizing their effect.

One cause of coupling between the azimuth and elevation axes is
gyroscopic moments., According to the law for a gyroscope, if 2 mass is
rotating about the x axis with angular momentum Hy, simultaneous rotation
about the y axis will result in a torque about the z axis. Thus,

’rz - u’ . u; (5’14) . f
vhere

(5~15)

Applying this law to the elevation axis, with the gun pointing straight
ahead, gives:

(5-16)

where
ng = inertia of the gun about the roll axis
sz = inertia of the gun about the yaw axis

Thus, when turret rotation and roll occur simultaneously, the resulting
torque Tg. is applied to the gumn.

The gun moments of inertia about the yaw and roll axes are not
known. A rough estimate of the inertia about the yaw axis was calcu-
lated by multiplying the gun mass by the square of the estimated distance
from the gun's center of gravity to the center of turret rotation.

- 1.5% x 100 = 225 kg-m-s?

The gun moment of inertia about the roll axis is assumed to be negligible.
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The peak roll rate, from the HITPRO program, is 0.24 rad/s. The
peak turret rate is assumed to be 1.571 rad/s.

The torque applied to the gun by the gyroscopic effect is thus

. . L
ch = Oh ng Wt 0.24 « 225 x 3" 85 kg-m

The tracking error resulting from this torque is Tge divided by
the stiffness. The stiffness curve determined from the nonlinear com~-
puter simulation of the rate control system with electric gyro is shown
in Figure 5-12. The stiffness at 0.6 Hz, the fundamental frequency of
the bump course, is 5.6 x 10° kg-m/rad, Thus

TE = ——-15—-—3- = 0.00015 rad (0.15 mil)
5.6 x 10

When the gun is not pointing straight ahead, the coupling equa-
_tion becomes

Tgc = (J8x . sz) (Oh cos W‘ + eh gin wt) *: (5-17)

=
z

130 /
DYNAMIC STIFFNESS - DISTUNBANCE TORQUE
TRACKING ERROR

(d8)
2}
sl

120 /,
N ~
k\Nh.‘ //
"
DVYNAMIC STIFFNESS RESPONSE
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01 L} 10 100
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Figure 5-12, Dynamic Stiffness Curve
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Similarly, for the azimuth axis, a torque T.. is applied to the
turret when the vehicle rolls while the gun is being rotated about the
pitch axis, and when vehicle pitch and roll occur simultaneously.

P T L A g8 8

wvhere

th = {nertia of turret about the roll axis

J:z = inertia of turret about the pitch axis
The turret inertias are assumed to be equal about all three axes.
The torque applied to the turret, using hull rates from HITPRO, is

th -2 Jt o Oh + % J' 6a = 2 x 3140 x 0,24 x 0.18 + 0,24 x 527 x 1.05

= 408 kg-m

The dyuamic stiffness curve was not run for azimuth. However,
azimuth stiffness should be about six times higher than for elevation,
due to the higher inertia of the turret. The higher stiffness in azi-~
muth was indicated by the smaller tracking errors on the bump course
with this axis. The estimated tracking error resulting from gyro effect
is thus

TE =

408 5 = 0.00012 rad (0.12 mil)

6 x 5.6 x 10

The estimated tracking errors are within the goal of 0.25 mil, but
are large enough to be significant, The calculated values could be con-
siderably in error if the estimated inertias are significantly in error,

Two methods can be used to reduce the tracking errors resulting
from coupling. The first method is by increasing the stiffness. Stiff-
ness is proportional to the integral gain Ki, as shown in Section 5.8.
Therefore, increasing Ky will reduce the coupling error. 1t is also
important to tune the system parameters and compensation so that the
stiffness remains high over the frequency band of coupling.
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The second method uses a hull roll rate sensor to cancel the coup-
ling effect. The coupling error can probably be reduced te an acceptable
level by increasing the stiffness. Therefore, the second method was not

studied in detail,

A second coupling effect, for elevation, is the result of hull
pitch angle, as seen by the gun, varying with turret angle. When the
turret angle is zero, the torque acting on the gun is given by

Tgl - TA (Dsh ) (6 - eh)

where D gh i{s the trunnion friction and 3T/3n is the slope of the actu-
ator totque-speed curve. The significance of the 3T/3n term will now
be discussed. Figure 5~13 shows the gun with a piston actuator, and
with the servovalve represented by orifice area A,., 1If there were no
01l in the cylinder, and no trunnion friction, hull pitch motion would
not apply any torque to the gun, The gun inertia would then maintain
the gun orientation fixed in space. However, when there is oil in the
cylinder, any motion of the hull relative to the gun results in oil
being pumped through orifice Av. This flow causes a differential pres-
sure to act on the piston, and thus applies a torque to the gun. The
ratio of the torque to the relative velocity is the term 3T/2n.

O)

A, b( L—.I éu
]

Figure 5-13, Schematic for Coupling of Hull Pitch Rate to Gun
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The equation for friction coupling becomes considerably mora com-
plex when vehicle roll is considered.

A torque also results from hull acceleration. This torque is
proportional to the gun mass unbalance L, M, and the distance between
the hull centers of rotation and the trunnion.

1'2 - L8 H‘ (Rp eh cos wt + Rh oh sin *t)

The mass unbalance of the gun is small. Therefore, this term willAprob-
ably be negligible.

A second coupling for azimuth results from the turret mass unbalance
with respect to the turret center of rotation Ly M;. When the turret
angle is zero, hull roll motion applys a torque to the turret, but hull
pitch has no effect. When the turret angle is 90 deg, hull pitch motion
applies a torque to the turret, and hull roll has no effect. The equa-
tion for the torque applied to the turret by these effects is

T: = Lt Ht (sin eh sin wt + sin Oh cos wt)

5.10 SUMMARY OF ANALYTICAL SYSTEMS STUDY

Following is a summary of the results obtained and methods of
synthesis accomplished by means of the analytical systems study. Some
of these items proved to be irvaluable in the subsequent computer analy-
sis of the system.

(1) A linear model of the stabilization system was derived which
aided in the design of the control system and allowed the
establishment of an initial set of control gains.

(2) PFor terrain inputs, the responses of the rate and position
command systems are identical.

(3) Two methods can be used to reduce the tracking error result-
ing from hull motion. These are:

(a) Cancellation of hull rate using hull rate sensor
(b) Lag-lead compensation with high loop gain

(4) A sensor error analysis restricted to gain and offset errors
showed that only gun sengsor offset errors are significant
and cause the tracking error to increase with time.

(5) A method was developed for eliminating the effects of sensor
offset errors and integrator drift,

5-26

e s a b R E—— e s e A am

ST o P AP

A il T




(6)

M

(8)

9

(10)

Sensor dynamics increase overshoot and reduce stability.

Lead-lag compensation will be required if the gun rate sensor
phase lag is significant,

When a lead-lag configuration is used, it should be in the
feedback path,

The integral contrel gain Ky should be high to maximize
system stiffness and minimize the effects of disturbance
torques.

When vehicle roll rates occur, significant coupling between
the azimuth and elevation axes takes place in the form of
gyroscopic moments and other effects.
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SECTION 6
SIMULATION ANALYSIS RESULTS |

6.1 GENERAL : i

This section contains a detailed description of the analog and
digital computer results obtained in this study for the gun stabiliza-
tion system. The objectives of the computer study are outlined here.
The organization of the relevant computer program as well as a summary
of the types of inputs and outputs are discussed in Section 6.2. Secc-
tion 6.3 compares the rate and position command systems. The results
of a preliminary computer analysis evaluating the effects of nounlinear
valve flow, vehicle hull dynamics, and hydraulic fluid compressibility
are described in Section 6.4. The effects of these nonlinearities
needed to be evaluated in order to judge whether or not they would be '
included in the detailed simulation models. A detailed evaluation of the !
complete stabilization system and the five candidate sensors are contained ‘
in Sections 6.5 and 6.6,

The following is a summary of the objectives considered in this sy-
tems study.

(1) Evaluate the effects of the nonlinear valve flow equations
vergus linearized flow, and the effect of hull dynamics.

£ b

(2) Derive stabilization system configurations for each of the ,
sensors, and define gains and compensation networks required 4
to meet the performance goals with each system.

(3) Investigate the effects of sensor gain variation, sensor dead- !
band, and actuator friction on tracking error.

(4) Perform detailed evaluation of the five prospective sensors
for this application,

(5) Determine the system time response for step and sinusoidal
inputs.

(6) Determine the tracking error for sinusoidal null rates and
for bump course using the HITPRO digital computer program,

(7) Determine the gain and phase margins for each configuration.

The following sensors were analyzed in detail.

(1) Elevation Axis

Two electric gyros.

Two hydraulic rate sensors (GE).
Two laminar vortex rate sensors (Honeywell).

One integrating accelerometer (Bendix).
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(2) Azimuth Axis
Two electric gyros
One pneumatic acceierometer (AiResearch)

Rate sensors can be used in either one (gun) or two (gun and hull)
sensor configurations. Only the rate sensor configuration utilizing two

sensors was analyzed in this study.

Accelerometers can be used in only the
Since the accelerometer signal is integrated

one sensor configuration.
to obtain the rate signal,

an accelerometer for sensing hull rate would have an open loop integrator
which would result in excessive drift rates. On the other hand, the gun
sensor integrator is within a closed control loop. Under those conditions,
integrator drift will have less effect.

6.2 SIMULATION APPROACH

The organization of the computer programming approach utilized for
the analog, hybrid, and digital computer programs is described in this
section, The types of inputs, organization of the analog computer boards,
analog computer switch logic utilized, and the hybrid computer inputs
are also described, Detailed listings of all digital computer programs
are contained in Appendix A. Analog and hybrid program wiring diagrams
are presented in Appendix B,

Digital computer solutions were obtained for each system configura-
tion as checks on the analog computer simulations. The following inputs
were generally used for the digital computer simulations.

(1) Command rate step inputs
(2) Hull rate step inputs
(3) Hull rate sinusoidal inputs

The analog program of the control system was initiated by means of
a simplified linear model. The nonlinear flow equations, sensor dynamics,
nonlinear friction, and deadband were added one at a time, so that their
effects could be assessed individually,

In order to facilitate the selection of the various components for
a particular computer simulation run, automated computer switches were
used for the following purposes.

(1) Selecting one of the five sensors,

(2) Selecting either a two sensor configuration using a hull sensor
and a gun sensor or a one sensor configuration using only a
gun sensor.,

(3) Selecting either forward or feedback path compen:ation.
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The following inputs were used for the hybrid computer study for
determining time and frequency responses.

(1) Step command rate input,

(2) Sinusoidal rate command input,

(3) Step hull rate input.

(4) Sinusoidal hull rate input,

(5) Simulated bump course from program HITPRO.

The step and sinusoidal command inputs used werc sufficiently small
to avoid saturation of any component of the simulation. A hull rate in-
put in the azimuth axis as used here 1s representative of a pivot steer
maneuver, The digital program HITPRO was used to provide realistic hull
motion for the simulated bump course. To implement these rates in the
simulation, the hull pitch motion was stored in the digital part of the
hybrid computer from a magnetic tape and was then used for providing the
elevation hull rate inputs. The same rate input was used for the azimuth
axis because no comparable azimuth rates weve available from the HITPRO
program. This is a valid procedure since the power spectral densities
of the hull pitch and yaw motions are approximately the same.

The sinusoidal hull rate input used was of approximately the same
amplitude as the maximum hull rate observed for the bump course, and of
approximately the same frequency as the bump course fundamental frequency.

6.3 COMPARISON STUDY OF RATE AND POSITION
CONTROL FOR STABILIZATION

As discussed in Section 5.2.2, the transfer functions for hull rate
inputs are the same for both the rate and position command systems. Also,
the transfer functions for command inputs are the same if, for the posi-
tion control system, the input compensation term 8/(14 s + 1) is a per-
fect derivative.

In order to verify the above results, a computer study was made to
compare responses using the rate and position command simulation models.
Each of the rate and position command systems was modelled with equal
gains and compensation networks and with two electric gyro sensors.

A perfect derivative of the position command 85 was used in the position
system. The frequency response curves of the two systems are shown in
Figures 6-1 and 6-2, Figure 6~1 verifies that the two systems are, in
fact, equivalent,

In an actual system, a perfect derivative cannot be generated;
instead, an approximation to it must be generated by the input compen-
sation network of the type s/(14 s + 1). Figure 6-2 shows the system
frequency response using a perfect derivative and with vy = 0,01 s for
the input compensation network.

As a result of this study, the performance evaluations of each of
the five sensor configurations were conducted using the rate command
system only,
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6.4 PRELIMINARY SIMULATION STUDIES

6.4.1 Effect of Nonlinear Valve Flow

It was found by means of the computer simulation that the
rate command system (with ideal sensors) exhibited basically the same
step response with the linear flow models as with the nonlinear. When
the electric gyro dynamics were added, the nonlinear model became un-
stable, while the linear model remained stable. This indicates that
the nonlinear flow model has less phase margin than the linear model.
The nonlinear flow model was therefore used for all subsequent system
studies.

6.4.2 Effect of Hull Dynamics

Hull dynamics modelled in this simulation represent the
effact observed when the actuator applies torque to the gun. At that
point an equal and opposite torque is applied to the hull and the result-
ing hull motion affects the gun. The simulation was used to determine
system response to command and hull rate inputs, with and without hull
dynamics. It was found that hull dynamics had a negligible effect on
system response and on the tracking error. As a result, hull dynamics
were not included in the model for subsequent studies.

6.4.3 Effects of Changes in Fluid Compressibility
and Bulk Modulus

The volume under compression V modelled in this simulation
consists of the high pressure fluid in the servovalve, actuator, and
connecting lines. The numerical value for V used here was obtained
from the bibliography. This value seems large and indfcates that in the
past, long connecting lines were used. To determine whether this signi-
ficantly affected system performance, a step response simulation was
performed with a 10 percent reduction in the value of V. A negligible
change in the step response of the system was observed.

The effect of a drastic change in the bulk modulus was
also determined. This effect represents the process of air entering
the hydraulic fluid. It was found that reducing the fluid bulk modulus
B by 50 percent, has a negligible effect on the system step response and
stability. These results indicate that the amount of pressure feedback
used here was great enough to compensate for the large volume under
compression,

Compressibility may have different effects when compliance
and gun bending modes are added to the model, These effects should
therefore be evaluated again in future studies when bending modes and
compliance have been modelled.

6.5 EVALUATION OF SENSORS IN ELEVATION AXIS

Sections 6.5 and 6,6 contain the evaluation of each of the five
sensors studied. Time and frequency response plots are presented to

il




{1lustrate the results. The results for the sensors in Section 6.5.1
through 6.5.4 are based on elevation (gun) axis parameters while the
results for the pneumatic accelerometer in Section 6.6 are based on azi-
muth axis parameters. All simulation results presented here are based
on the rate command conirol concept as pointed out in Section 6.3.

6.5.1 Evaluacion of Electric Rate Gyros

A block diagram of the rate command system with two elec-
tric rate gyros is presented in Figure 5-6. A hull rate gensor is used
for cancellatioan of hull rate coupling, and a gun rate sensor is used
for closing the control loop. Lead-lag compensation is used to compen-
sate for senso: phase lag, and thus to improve stability. Compensation
is in the feedback path. This is the best location for the compensation
in order to reduce the overshoot to command step inputs., (See Sec=-
tion 5.7.)

Using the hybrid computer simulation, the gains were ad-
justed to obtain the desired frequency response, stability, and tracking
error. The resulting gain values and compensation are:

K, = 50 1/s

Kt = 7.5

K, = 2.5x 10™* rad/(s-kg-cn?)

Kh = 0.15

1+ 0.008 s
Feedback compensation i1+ 0.0016 s

The response to a command step input és = rad/s was ob~-
tained,and is shown in Figure 6~3. The gun rate reaches the commanded
speed, 0.05 rad/s, in about 0.04 s, overshoots about 15 percent, then
settles to the commanded speed with no oscillations., The absence of
oscillations indicates good damping. In the absence of a specific per-
formance requirement for step response, the speed of response as well as
damping appear satisfactory.
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The error rate signal ¢4 given by ¢4 = 5, -8 s is the
i{nput for the open loop response. The open loop response is given by:

—ae
i, - 5
s g8

The variable égs (sensed gun rate) ig the output signal
for the open loop response. The variables 65 and 8g4 are used mainly
for determining frequency response, gain margin, ans phase margin.
These variables are also used as an aid in tuning the system.

The tracking error TE and the sensed tracking error e
are defined as:

TE = 9' - 6g

c,r-fc.dc-e.-e”

The variable TE originates at an open loop integration and therefore
tends to drift. The variable et 1s obtained from within the closed
locp and generally does not drift. These two signals are nearly iden-
tical except when sensor deadband or a high frequency input are used.
The actuator torque Tj is also shown.

The response to a sinusoidal hull pitch rate is shown in
Figure 6-4. The pitch rate input is:

6h = 0.18 sin (2r x 0.6 t) rad/s

This input is approximately ejual to the most severe pitch
rate experienced on the simulated bump course. As shown in Figure 6-4,
the resulting tracking error has a peak-to-peak amplitude of 0.18 mil
and thus meets the pointing performance specification of the system.

The closed loop frequency response curves 8 /55 are shown
in Figure 6-5. The open loop frequency response curves were used for
determining the gain and phase margins. An input signal amplitude of
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0.03 rad/s peak to peak was used for all frequency response tests. The
frequency response results are as follows,

System bandpass: 28 Hz
Open loop phase lag

at gain crossover:
Phase margin:
Gain margin:

108 deg
180 deg - 108 deg = 72 deg
0.5

The system gain margin was determined by increasing the gain until in-
stability resulted. It was found that the system was stable with the
gain doubled, and unstable with higher gain. This is equivalent to a
gain margin of 0.5.

The frequency response results meet or exceed the per-
formance criteria specified in Section 3.3, :

Time response plots using inputs consisting of vehicle
rates from the simulated bump course of the HITPRO program are given
in Figures 6-6 through 6-8., Graphs summarizing these results are pre-
sented in Figures 6-9 and 6-10, The maximum tracking error for nominal
conditions (K, = 0.15) was 0.18 mil peak to peak.

Figure 6-9 shows that a hull sensor gain error of 50 per-
cent increased the tracking error to 0.4 mil,

Figure 6-10 shows that combined coulomb and stiction fric-
tion of 50 kg-m each, increased the tracking error to 0.4 mil.

The 0.18 mil tracking error observed with nominal condi-
tions is well within the 0.5 mil criteria listed in Section 3.2. Note
however that the combined effects of sensor gain error, sensor deadband,
friction, noise, and cross-coupling of axes will increase the tracking
error. The tracking error can then be reduced by increasing the system
low frequency gain. This can be accomplished by adding lag-lead compen-
sation in the forward path,of the form:

:& 1+ Ty s
Tl 1+ Tz 8

A graph demonstrating dynamic stiffness is presented in
Figure 6-11. These results were obtained by applying a sinusoidal dis-
turbance torque, and recording tracking error as the output signal.
Stiffness is the ratio of the torque amplitude to the tracking error.
The minimum stiffness was found to be 111 dB. The dynamic stiffness
should be high to minimize the effects of coupling and bending mode
vibration.
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6.5.2 Evaluation of Hydraulic Rate Seasor é

Figure 5-6 18 a block diagram of the stabilization system
with the hydraulic rate sensor. The basic configuration is the same as
with two electric gyros. Control gains and feedback compensation were
identical to those used with the electric gyros. ; }

Usin? the hybrid computer, the response of the system to
a step rate commanl 85 was obtained. As shown in Figure 6-12, this
step response exhibited a 20 percent overshoot., The response time is
about the same as for the system with two rate gyros.

The response to sinusoidal hull motion of an amplitude - j
equivalent to the bump course is shown in Figure 6~13, The tracking '
error observed was 0.12 mil peak to peak,

The frequency response results shown in Figure 6-14 can
be summarized as follows.

Bandpass: 13 to 37 Hz
Gain margin: 0.53 J
N Phase margin: 50 deg

Note that the amplitude ratio is down 3 dB at 13 Hz and drops to -5 dB
at 21 Hz., Modification of the feedback compensation network will allow
improvement of the system bandpass.

The response to the HITPRO simulated bump course is shown
in Figures 6-15 through 6~17., Figure 6~18 shows the maximum observed
tracking error versus hull sensor gain error. A gain error of 33 per-
cent increased the maximum tracking error ro 0.38 mil. The maximum ‘
tracking error versus sensor threshold or deadband is shown in Fig- 3
ure 6-19., A deadband of 6 mils incrzases the tracking error to 2 mils. i
The effects of combined deadband and friction effects are shown in Fig- ;
ure 6-20. A small amount of friction ha- _he effect of reducing the
cracking error. Larger amounts of fric fon increase the trackingz error. 4
The comtination of deadband and friction increases the tendency for
limit cycling.

e 2k

6.5.3 Evaluation of Integrating Accelerometer

The block diagram of the stabilizatio.. system with an inte-
grating accelerometer is presented in Figure 5-7. Only a single sensor,
mounted on the gun, is used. The processed sensor signal is proportional
to acceleration at frequencies below 0.1 Hz and to rate above 0.1 Hz. y
In the simulation model,the compensation network was designed to inte-
grate the sensor signal below 0.1 Hz and thus to provide a rate signal
at all frequencies,

Since there is no hull sensor, the system gain must be
increased to reduce the tracking error, To achieve this, ccmpensation
was used in the forward path. The type of compensation increases the

6-14
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gain at low frequencies and decreases the gain at high frequencies as
is required for stability. The forward compensation and system gains
established using the hybrid computer simulation are as follows:

. 1+ 0,055 s

Forward compensation: 10 1+0.558
Control gains: Ky = 250
Ke = 7.3

K, = 2.5 x 1074

The step response of this sensor configuration to a command
rate input is shcm in Figure 6-21., The response has a 60 percent over-
shoot. This overshoot can be reduced significantly using a lead-lag
feedback compensation.

The reaponse tc a sinu<oidal hull input, equivalent in
amplitude to the most severe motion for the bump course is shown in
Figure 6~22., The tracking error observed was 0.11 mil peak to peak.
The response to the actual HITPRO bump course is shown in Figure 6-23.

6~-19




4
#
Tt

e oo

o

N

T R T A T

ekt

1

Priied v U S A

AN
g

0.0001
]
-0.0001 L

I T

i

3
L
[ S e

[ W T B

[

|
W
1
IR NI
11
Vi

0.1

0.1

&
(RAD/3EC)

—

T

gy
Lt

LT
- lw.l,ﬁ
b + |-
;
bowd \w,“vL..
=4
H -
—— 1,*%
-

T

~TTr

LR

TR\

F O s s i T

A st

§ ["'l"

T T B DN

1
1y
H

P Y
: T
A F ”£i.w
i -
:

: [HE

1.+
i

oL
PR

~500.0

Motion - Integrating Accelerometer

Response to Sinusoidal Hull

Figure 6-~22,

107

N

it
.

-

O
LI

'
reror
Do b

3
doe
—

i

§

& -
.
'h
“

4

4 H

t
..

Tt
g

Response to a Step Rate Command -~

Integrating Accelerometer

0.001

6-20

Figure 6-21,



A st

T SRR R T A RN T SN TR K [ pte o e e W o

T N rer e ar———y

e Al B Rk ST PRRPE

T

1233WOIITIVIY
Suyaea8ajur yiym 1o13u0)
33wy UOTIVAITY - UOTIDTIF
UOTIITIS PUP QUOTNOD YITA
os1no) dung OYJLIH 03 osuodsay

*9z~9 dandyy

a i PR .

R i G
i by + “Hx*v + F_.ﬁ + &_ l* T o -ty
- gy 4 ; -
~n i hida oA hadal o v
TR A TR T e

B RS SUREL gt ise sy iR SRRE
e AN h b ot I i I I
« . DR - + L N I R Y S S ) 1
TS e
- - - ' I 4~ tr00-0= (avm)

1939W0121300y BupieaBejul
- 981n0) demg QY4IIH 03 @suodsay

*€7-9 @an3yy

DT 9%00% (agyy

0°00%

6-21



S . BRI L
tm‘-, P T TR W XTI T e PO 1 S . e -
b

4

The maximum tracking error observed is 0.28 mil peak to peak. The
tracking error for the HITPRO input could be reduced by modifying the
compensation.

Coulomb and stiction friction values of 100 kg-m each
increased the tracking error to 0.38 mil, as shown in Figure 6-24.
Figure 6~25 shows the maximum tracking ervror for various values of
friction.

The frequency response curves are shown in Figure 6-26.
The frequency response results can be summarized as follows.

Bandpass: 16 Hz
Gain margin: 0.53
Phase margin: 45 deg

6.5.4 Evaluation of Laminar Vortex Sensor

A block diagram for the rate command system with two lami-
i nar vortex sensors is shown ia Figure 5-6. The sensor models consist

of a single lag and a time delay. The time delay was simulated in the
digital part of the hybrid computer. To achieve this for the gun rate
sensor, the gun rate signal from the analog computer was fed into the
digital computer, delayed in time, and then fed back to the analog com-
puter., For the hull sensor, the hull rate from the HITPRO program was
delayed in time in the sensor path, but used without time delay in the
remaining portion of the simulation.

The step response to a rate command input is shown in Fig-
ure 6~27. A 30 percent overshoot is exhibited.

The response to the simulated bump course using the HITPRO
program is shown in Figures 6-28 and 6~29 for hull sensor gains of 0,15
and 0.20, respectively. A plot of tracking error versus hull sensor
gain Ky, is shown in Figure 6-30. From this graph, a gain of 0.15 was
selected as the nominal value with the minimum tracking error. Increas-
ing K, to 0.20 increased the tracking error to 0.6 mil. Decreasing K
to 0.10 increased the tracking error to 0.28 mil.

The sinusoidal hull input response was not obtained for
this sensor.

The frequency response curves are shown in Figure 6-31.
The frequency response results are summarized as follows.

Bandpass: 25 Hz
Gain margin: 0.50
Phase margin: 50 deg
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6.6 EVALUATION OF SENSORS IN AZIMUTH AXIS

6.6,1 Evaluation of Electric Rate Gyros

The block diagram of the azimuth stabiiization system with
two electric rate gyros, shown in Figure 5-6, is identical to the block
diagram for the elevation axis. Only some of the parameters were changed

to allow for hardware differences between ~xes, (See Tables 2-1 and 2-2.)

Using the hybrid computer simulation, the step response of
the system to a rate command input was obtained and i{s shown in Fig-
ure 6-32, The observed overshoot 1s 36 percent.

The response to sinusoidal hull motion equivalent in ampli-
tude to the bump course is shown in Figure 6-33. The ohserved trackiag
error vas 0.03 mil peak-to-peak.

The response of the system using the simulated HITPRO bump
course is shown in Figure 6-34, The maximum tracking error is alsc
0.03 mil peak to peak, The response of the system to the bump course
with a 20 percent hull sensor gain error was also investigated and the
results are as shown in Figure 6~35., This amount of gain error increased
the tracking error to about 0.07 mil,

The effects of hull sensor gain variations for both the
bump course and sinusoidal hull motions are summarized in Figure 6-36,
It is evidert that the observed tracking error is approximately the same
for either input.

Additional simulation studies were conducted to determine
the response to the bump course with 2 and 6 mil/s sensor deadband.
These results are shown in Figures 6~37 and 6-38, respectively.

The effects of deadband and friction on the tracking error
are summarized in Figure 6-39, Coulomb friction of 100 kg-m increased
the tracking error to 0.5 mil. The addition of an equal amount of stic-
tion friction did not change the tracking error. Sensor deadband of
2 mils/s increased the tracking error to 0.07 wil. For larger deadband,
a 1limit cycle occurrad, and the tracking error was greatly increased.

The frequency response curves are shown in Figure 5-40.
The frequency response results are numerated as follows,

Bandpass: 21 Hz
Gain margin: 0.50
Phase margin: 55 deg

The response of the system to a pivot steer maneuver is
shown in Figure 6-41. In a pivot steer maneuver, the tank is turning
at its maximum rate, i.,e., 180 deg in 8 s. In practice, it 15 desired
that the gun remain pointing at the target during this maneuver. As
shown in Figure 6-41, there is a momentary tracking error of 0.09 mil.
The tracking error then decays to zero after about 0.5 s.
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0 HULL MOTION FROM HITPRO
DIGITAL COMPUTER PROGRAM

O HULLMOTION =0.18 SIN 2rx 0.6 t
~ 0.2

ERROR, MILS p-p

MAXIMUM TRACKING

™ T T 0 T T
—40 -20 0 20 40 §
HULL SENSOR GAIN VARIATION, PERCENT o

Figure 6-36. Tracking Error Versus Hull Sensor Gain Error = Azimuth
Rate Control with Electric Gyros

6.6.2 Evaluation of Pneumatic Accelerometer

A block diagram of the stabilization system for the azimuth
axis using a pneumatic accelerometer is presented in Figure 5-7. The
accelerometer is used for sensing turret acceleration, and the sensor
output signal is integrated to obtain the turret rate signal.

A high gain loop was used to reduce the tracking error.
Compensation was used in the forward psth for reducing the gain at high
frequency to achieve stability. In addition, feedback compensation was
used to reduce the effects of sensor phase lag.

The gains and compensation networks used in the simulation
were as follows,

K1 = 35
K =10
r
K, = 2 x 10~4
. 1+ 0.05s
Forward compensation: 10 1+0.5s
. 1+ 0,010 s
Feedback compensation: J——4*oe—
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Figure 6-40. Frequency Response - Azimuth Rate Control with
Electric Gyros
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The step response obtained with the hybrid computer simulation is shown
in Pigure 6-42., An overshoot of 44 percent was observed.

The response to sinusoidal hull motion equivalent in ampli-
tude to the maximum hull motion for the bump course is shown in Fig-
ure 6~43, The observed tracking error was 0.2. 1il peak to peak,.

The response to the HITPRO bump course is shown in Fig-
ure 6~44, The effect of adding 100 kg-m coulomb friction and 100 kg-m
stiction friction is shown in Figure 6-45. The resulting maximum tracking
error was again 0.25 mil. The friction caused an increase in the maximum
tracking error for larger values of friction,as shown in Figure 6-46.

The frequency response curves are shown in Figure 6-47,
The frequency response results can be summarized as follows.

Bandpass: 15 Hz
Gain margin: 0.55
Phase margin: 36 deg
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Figure 6-46., Maximum Tracking Error Versus Friction - Pneumatic
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Figure 6-47, Frequency Response - Pneumatic Accelerometer
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6.7 SUMMARY OF SIMULATION RESULTS
Simulation of the stabilization system has produced the following

results,
(1)

@)

3)

%)

()

The linear servovalve-actuator model provided a means of
estimating required system gains but was not sufficiently
accurate to he used in the sensor evaluation study. The
nonlinear model was therefore used f~r sensor evaluations,

Hull dynamics had a negligible effect on system response and
tracking error,

A sumnary of the results of the sensor evaluation study is
presented In Table 6-1.

Table 6-1(A) summarizes the results for the rate sensors.
For each of these systems, a rate sensor was mounted in the
gun and the hull axis,

Table 6~1(B) summarizes the results for the accelerometers
studied. For both of these systems, an accelerometer was
mounted in the gun axis only.

It is to be noted that the systems represented in the table
were not fully optimized in this study. An absolute compari-
son of the sensors is therefore not entirely justified.

As indicated by Table 6-1, the performance criteria were met
for all of the sensor configurations.

A hull sensor gain error of 25 percent can be tolerated
without exceeding the tracking error requirement.

Coulomb friction of 100 kg-m increases the tracking error by
approximately 0.5 mil peak to peak.
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SECTION 7
CONCLUSIONS

A mathematical model of a suitable stabilization system for the
M60Al tank main gun was formulated and programmed. The model was de-
fined 80 as to include most of the significant nonlinearities such as
nonlinear valve flow and hull dynamics due to gun motion. A hybrid com-
puter analysis was performed to determine the operating characteristics
of the stabilization system, to evaluate prospective sensors for sensing
gun and/or hull rate, and to determine whether a rate or position com-
mand control concept is preferable with respect to specified performance
criteria.

An analytical study revealed that both the rate and pcsition con-
trol concepts required a proportional plus integral control law in order
to minimize the gun tracking error. It was also shown that the rate and
position concepts are equivalent in terms of nulling out the effects of
hull wmotions and thus of stabilizing the gun after the target is in the
sight. A computer analysis which followed verified this equivalence.

In addition, it was possible to show that the effect of hull motions on
the system can be minimized by either a high control loop gain along
with a lead-lag compensation network or by using a hull sensor signal
in the control law.

The extensive computer simulation analysis revealed several con-
clusions in the areas of stabilization control philosophy and sensor
applicability. In the process of arriving at a full computer model of
the system for sensor evaluation, it was found that the effect of hull
dynamics on the gun was negligible. Nonlinear valve flow, however, was
found to have a significant influence on system performance. A linear-
ized flow model was not sufficiently accurate for use in this study.

It was found that all five of the sensors studied in this program
meet the performance criteria set forth by the Contracting Officer's
Representative. In addition, this study indicates that these criteria
can be met by using only & gun sensor., If verified by further studies,
the need for a corresponding hull sensor may be eliminated.

The detailed sensor st'dy immediately revealed that automatic off-
set and integrator drift nulling circuits are required when using an
acceleration sensor. A method which can be used for this purpose is
described in Sectiom 5.5.

In addition, increasing the gain of the acceleration sensor will
decrease the sensor offset effects, and hence the drift rate. More
generally, it was found in the sensor stud; that sensor gain errors have
a small effect on the tracking error. Also, a combination of sensor

deadband and gun or turret friction will cause the system to limit cycle.

In order to compensate for sensor phase lag, feedback compensation
is required. Forward path compensation is desirable for obtaining sta-
bility with higher loop gains for this system.

U




SECTION 8
RECOMMENDATIONS

It is recommended that in future system studies and sensor evalua-
tions, additional system characteristics including realistic bending
modes and hardware compliance model be added. The effects of providing
an extensive model for friction which separates the effects of stiction
coulomb, and running friction through switching logic should also be
investigated. Sensor models should be utilized allowing for sensor errors
due to noise, deadband, gain variation, and offset. It is also of im—
portance on a complete system model to include integrator drift and an
automatic nulling circuit., When these effects have been included in the
model, a statistical analysis of the pointing error output data will be
required in order to afford more detailed and objective performance com-
parisons. Inclusion of the additional nonlinearities mentioned will also
make it possible to better optimize the sysiem gains and compensation
networks.

It is also recommended that a gunner model be included in the track-
ing loop, in order to arrive at additional data for comparing the rate
and position command contzol concept. A display of tracking error can
be developed using an oscilloscope for which a human operator can issue
realistic commands to the system to simulate target tracking. Inclusion
of an operator model in the simulation will allow a determination of the
tracking and stabilization capabilities of the system,

In addition, it is recommended that steps be taken to verify the
results of this simulation study by means of field test data with an
M60A1 tank., Additional insight into the system operating characteris-
tics and the effects of significant nonlinearities could be gained. A
verification study would consist of obtaining recordings of measurements
of hull and gun rates and achieved pointing accuracies on various types
~f terrain, and comparing these with the results of this study.

An optimal control theory approach to the stabilization of the
M60Al tank gun may also be desirable in the future if additional per-
formance specifications are defined for the gun or if conventional tech-
niques fail to achieve the goals when additional nonlinearites are
included.

I
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-

T

a

L T © ey

R e e A ST WP .

TEANAL DIFEC

OIMENSION 106 (20}

OINENSION AVY(20),VCC (20)

OIMENSION OTM(1000) , 0THO (10003 , DEGV (10003 , TT (1000}
OIMENSION OUNNY (3)

OINENSION Y (4) DY (N, YHIW), VP () AT (N, 4)

COMMON/NRMES/ON, C2,4,QP, 0T, VN, TR

TP (1) «aTHOO

YP (4} =P3D

‘ nnnn'

[RE€RD_S. Avvaw ]

[FmmAT 1537
7

} \

CONT. ON PC 2




< -

12

IFAVY (1MW) .EQ. 99998 )

ENTER AFTER TRUL
PATH STRTEMENT

9
| nEAD s, vcc tw |

IFIVCC W) .EQ. 99999.)

ENTER RFTER TRUE
PATH STATENENT

CONT. ON PG 3




\’V'

P

. - -

00 700 18=1.KVC > - - = P10
IVC-VC:UB) l
C00_800_JW=1,KRY > = - - P10

v
CONT. ON PG &

s

A13




ENTER RFTER TAUE .
T PATH STRTEMENT

GO T0 600

[Av=Avv W]
3
; 24 ¢
F [PRINT 23, Av, ON, VC ]
f -
4 2 9

[FEANAT (1H1,/, ° AV,OM,VCs',3F20.9) |}

7
[PRINT 257]

. s

258

. v
FOARRT 1/, 12X, ‘TINE . 11X, "THETAR", BX, 'THETA OOT'.JOX.'FS'.ISX.I
‘v, IMX, 'VC S, INX, "TR, /)

9
NP=0
PI=3.14158
Y {2) 20,
Y (1) =0,
TP (2) =0, : i
YP(3)=0.0 - ‘
ov=0.
Y (3) ave

CONT. ON PC S
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ve
C2=2.0 » DMwn3/(100. w AV ) ww2

KKai
N=y

CRLL AN (N.KK.Y,0Y, T8, DI, YW, YP. IN, RI. OIFEC)
L

NT=TN«100
TOsTN
POTHaY (2) w180, /P1

POTHO=Y (1) w180. /P!

IF (NT~- (INT/10) w1}

¢

.€Q. O)

ENTER RFTEM TAUE
PATH STATEMENT

PRINT 250

>
18, POTH, POTHO, Y (1], VC, Y (3], Y (W), TR

(FemMAT (8F16.5) |

o

CONT. ON PG

A-15




N v e o mn o e

g ey

i A i R I T

e

16

PATH STRATEMENT

NP=NPel

DT (NP) =POTM
OTHO (NP) «POTHD
DEGYV (NP) =Y (3)
TT (NP) aTi

| PRINT 300, 16, TENO,

NP, NT ]

300

[FORNAT (*_10. TEND, NP, Nia °, 2F15.S, 217 ]

\

L+,
[CumnnwnnunuunnnuF INO MAXS AND MINS |}

v

CONT. ON PG

?




BMAX=0TH (1}
BMIN=DTH (1)
XMIN=TT (NP)
XNAX=TT (NP)

JF (BMAX .LT.0TH(D)]

BMAX=0TH (1)

IF (BMAX .LT. DECVID))

(eMRx=0EGV (11 ]

Y

v
CONT. ON PG B

ENTER AFTER TRAUE
T PATH STRATEMENT

ENTER AFTER TRUE
1 PATH STATEMENT

A-17

i Tt A i RS oma b At 7 St




A18

PATH STATERENT

TER RFTER TRUE
PATH STRTEMENT

BMIN=DTHO (1)

JF {BNIN .CT. DECVID)

ENTER RFTER TAUE
T PRTH STATEMENT

IBHIN-DEGVII) I

IF (XMAX .LT. 1T U}

ENTEN RFTER TAUE
PATH STATENENT

XMAX=TT (1)

CONT. ON PG @

2o S v R WS o il




A Y

IF (XNIN .GT. TTUN)

ENTER RFTEN TAUE
1 PATH STRYEMENT

[4

PRINT S10

{CALL SLOT (TT,0THD, NP, XMIN, XNRX, BXIN, BMAX, NP, NC) |

;gl

PRINT S20

LLCRALL_SLOT (TT,BEGY, NP, XMIN, XMRX, BMIN, BMAX, NP, NC) |
L o

J
CONT. ON PG 10

&19




B
r'.ﬁg
.“ » -

.

PAINT $30

510
ORMAT (//, * THETR DEC VEASUS TIME') |

)
gI 50 e
}
3

[ForMAT (/7. THETA DOT DEG VEAZUS TINE®) ]

330 —
[FORMAT (77, * V DEC VEASUS TIWE') |

[{:{¢
CONTINUE

3 - - -0 4
CONTINUE

GO0 10_ 18

{
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e

Ry

v

Gt A T Ryt WA S —

L

PE—— - —
SUBAOUTINE OIFECIY, YP,T,N)
LOINENSION Y (4), 0V (M), YHIN),YP W) AT N, W)

COMMON/NANES/ON, C2,J,. 0P, DT, VN, TA

3

TR= (0N w YIU) - C2«7(1)wu2)/12.
YP(1)aTR/J
P (2) =Y (1)
OMaDRaY (1)
TP (31=0.0

IF (OGN .CT. oM

ENTER RFTER TAUE
T PATH STATEMENT

IYP (3] sgn-Qr I
u '
ENTER RTER it

T PATH STATENENTY

Y (3) aVN
YP(W) e =18 @ YU » YP(I) /Y (D)

RETUAN \
CONT, ON PG 2
ec )y _of 1
21

r
LA




[?




AR s .

ey

SUBROUTINE AK(N.X, 70,07, X0S,0X, YN, TP, XW,A1,DIFEC)

[T wwww N SPECIFIES NUNBER OF EONS.Ke=1 PAOVIOES YP'S AT END POINTS )

] =]

[DINENSTON YO (N) , 0V (N) , YW (N), YP (N} ,R] (N, 4)
DBUBLE PRECISION X0
X0 = X03

A1

GO 10 (1,2,9.4,5 .1 ]

1
‘XH-XOI

-==( D08 J= 1N

|

[Nt _= YOI

J’EEHE
10

[CALL DIFEC (YR, TP, XW, W) ]

|

00 7 J = 1.N - - P2

v
CONT. ON PG 2
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r

. v'-“','-‘-wl.nn:

o g

A-24

1

- o - ,L '
[R1(J, 1) = Dx«YP(J) ]

1al-*1
RN
f:}e

[x4 = X6 » 0.5w0X ]

re e e ececocmccncac-s{p09Js1,N

~e === 9

Lywt)) = YBULN +0.5«R1IL4,1) |

-
f:¥d

3
«===0011 J=1,N)

- === 11
[Yuis) e Y8(J) ¢ 0.S«RI(J,2) ]

T 1o >+

CONT. ON PC O




[XW = X0 ¢ OX ]

.-.--.---.------(oo‘L’."“)

YH(J) = YO(J) *R1 (), D)

{€ALL OIFEC (YO,YP,XW, N} |

CONT. ON PG N
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‘ GUTINE SLOT (X, Y, NP, XHIN, XMAX, YTHIN, YHAX, NT, NC)
3?:2!3!0“ rr e, séLxte) SCLT(BI.ICH(B).X(&C NP} T(IC‘lfi
DRATR _1007/°. */; ILNE/ | */, 18NK/ " */, 103K/

ENTER AFTER TAUE

T PATH STATEMENT

XMX=XHAX
XMNaXMIN
THX=YMAX
THN=TYNIN

4 ,
w ENTER AFTER TAUE

T PATH STATENENT

CONT. ON PG 2

A=27




F.,_.-ﬁ_,_‘.,, e R s tmend. Zdatsi Y 0 LSRN B e L 0 s Damdhe D | e, . -
YuxeX (1,1)
XrNsX (1,1)

; YHXaY (1,1)

/ YNNsY (1,1)

! -

WL - - - b3
i !
00 20 Je1,NC -~ = D3 :

T PRTH STATEMENT

CONT, ON PG 3

A28




. P
! ettt o o il . B

YHN=Y (J, K)

XFCTa?5, /7 (XMX=XMN]
YFCT=US. / (THX=-TMN)
81TX= (XMX-XHN} /S.0
B81TYs (YMX-THN) /5.0
SCLX (1) ~XMN
SCLY (1) «YHN

T,

ENTER AFTER TAUE
PATH STATEMENT

SCLX (K} «SCLX (K=1) *+B1TX
SCLY (K) «SCLY (K=-1) *EITY

CONTINUE

CONT. ON PG M

A-29

SR e - ST 8 Vi AME AR




SCLX {6) »XMX
SCLY (6) sYHX
PRINT 899, (SCLX (M), Me=1.8)

@E@---n

e T
ll'T(J)-llNKl

oY

Lo e ol

- - » > = = g

L ke L a e TL S R S o AR SRR

e meeeecreeann~-- (00 111 J=1,176,15 >
, [
¥ ' 4
4 ]

' (GPT =1LNE ]
: 1

[ ]

le @ @ = @ @ = @ = == .- == -1

CONT INUE

PR,

D0 120 Kal NP ) - - - D§

¢ e A S—— S 3 8t

(DO 120 J=1,NC > - - - P§

CONY, ON P S

AN

i Roindbiinn, el sk ol el . 3 mBenl




3 | )
| *
¥ :
; i
o [INT= TYHX-Y (3, K1 «TFCT+1.5 ] i
Kf .
?
i .
1. ‘
i )
: ENTER RFTER TAUE
: T PATH STATENENT
‘ (X=X 13,k = XM wXFCT + 1.5 )
?
‘ 1F 1IX.GT.0. AND. IX.LE. 76)
ENTER AFTER TRUE
PRTH STATEMENT
LIPT UX) =ICA () ]
LI I
CONT INUE
I
;
00 130 Ks1,6 > - - - g
[INT= (YHX=SCLT (K1 I wYFCT*1.5 |
(
CONT. ON PG &
eCS _of 7
A-31
? _




P

I’IIII '
ENTER AFTER TAUZ

7 PATH STATENENT

CONT INUE
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EXTERNAL OIFEQ

COMMON/TRBLES/THIOL ¢ 52N ,TGTOL ( S00) ,NOEL, TOLD, NG
COMMON/OPUT/EPS,QN, XTHP, 1n101 THGS

COMMON/PRARS/XK], XKA, XKP, XKN, PTN, ROM, XJ, P1E TAUC, TRUP, TRUV, OGH,
AVHX, XL.C.V,.8, XKR.PS, XNCS. XNCO.XNCN
.CH2, OSE, XKSE, X JHE . OME, TGF

i XNOP WN,ZET.0BH. 086, TRUI, HO, TRLM

' - XX8G, XK8H, TAG, TAA, TG, T8N

) ,El TRUI TAU2, A1, TAU3, TRUY, TD, TRUS

.OT,TND,OTP, XK@

COMMON/CASE/NCS.NCO, NCN, NOP
DIMENSION XPL (350), YPL (3,350, YMX {31, YMN (3)

OIMENSION Y (21),YL(21),YP(21),Z1(21),0121),0Y{21),YW(21),A1 (4,21)
CORMON/NERD/NMD1 (20, 4) ., HD2(10,.2) . HO3 (2, 4

.8),H0Y (7.6) ., HDALL (20)

EQUIVALENCE (Y (1),THG )
(Y (2) , THGO)
YN,IR )
(Y(4) .PF )
(Y(S).PH )
(Y (6) .EPT )
(Y(7),THS }

ce cmes wmve

* e 0 0 0 0 e

(YP (1)
(YP (2)
YrPi3)
(YP (4
(YP (S)
(YP (6)
(YP ()

» THGDT

)

» THCOOT)

, TH30T
. {7 (8) ,THH) , (YP (91, THHDT) , (Y (10) , THHE

(v(8 ,AY ),
(YP 18) ,RVOT),

. (YP{10), THHGOT)

Y{13)
(Y (1%)

Y (117, THRGOT , (YP (111, TARGOO)
. (e (121, TGSPOD) .
_ " (YP (131 . TCSP30) |

. (YP (147 . THSPOT) .
! S (YP (1) . THSPID) |
* {YP (18) L TH3SDT) . (Y (16) . THSS)

(Y (12) . TGSPO)

. TGSPOD)
« THSPD)
(Y {1S) , THSPOD)

| NEAD 895, (MDALL (K} ,Ks1,20] ]

v

CONT. ON PC
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A-64

LREAD 995, (HD1 {J, K) , J=1,20) ]

i

{f = = =0

RERD 995, (HD2(J,1) ,J=1,10)
AEAD 995, (HO21(J,2) ,J=1,10)

'

' '

1

I T e & [ N AT
.

[}

t

H

1 Lv]

\ I RERD 995, (HD3 (J,K,L),L=1,8) |
i

]

1]

e e e e e e e ae eemme-=- s

CONTINUE

00 7 K=1.6

[RERD 995, (MDU (J.K) . J=l. D) ]

- - e = e m oW W B e oW e e e = =

7 .
CONTINUE

v

CONT. ON PG 3




£ ORNAT (20AW)

1F (NDEL.GT.S00)

ENTER RFTER TAUE
PATH STATEMENT

sST0P 1314

p= = =======--===<==-C00 11 Kal,NOEL >

THIOL (K)=0.0
TGIOL (X)=0.0

- - == lt %
CONT INUE

NDEL=NDEL-1
NONs1
T6L0=-0.1
NPT=0 .

CONT. ON PC 8




l

QH=0.0

NCS=XNC3+0.1
NCO=XNCO*0.1
NCN=XNCN+0,1

NOP=XNOP+0. 1
THGS=0,

LNCNT=1
JICNT=0TP/0T +0.%
NEQ=21

Fe-=cccocnccncax- D020 Kai, NEQ D

|

YP(K)=0.0
Y(K)=0,0

o s e e 2
CONT INUE

T=0.
NUN=0

[cALL DIFEQ(Y,YP.T,NEQ) |

CONTINUE

CONT. ON PG S
ecC 4 __Of

11

A-66




IF (THSOT.€Q.0.)

ENTER RFTER TAUE
PATH STATEMENY

| TEMP=THGOD/ THSOT I
3
CONT I WUE
[UNCNT=LNCNT~1 |
I”:IIIII: '
ENTER AFTER TRUE
1 PATH STRTEMENT

PRINT 997, (HO1 (J.NCS) ,J=1,0 ), (MO (L,NCO) ,L=1,8)
{03 (NCO,NCN, M) ,M=1,6) , (HOUY (N, NOP) ,N=1,7]}

CONT. ON PG 8

A-67




e e ey

A-68

{PRINT 807, {HOALL (K] ,Ka1,20) ]

[FORMAT ("0 . 40X, 20R4} ]
E__i!?
FORMAT (*1°,31A4,/) |

PRINT 989

40
[ PRINT 998, T, THGD,.EPT, TR, EPS, THHDT, THHGD, QM. XTHP ]

NPT=NPTe)

IF INPT.CT.350)

ENTER RFTER TRUE
PRTH STATEMENT

NPT=350
XPL (NPT) =Y
YPL (1 NPT} =EPT

ENTER ‘AFTER TAUE
PRTH STRTEMENT

CONT. ON PC 7




G0 10 N1

PATH STATEMENT

YPL (2,NPT) »THGD

: / YPL (3. NPT) =TR
[ce 70 L-E\,

g1
LyPL (2, 8PT) = THGOD ]

[YPLI3. NPT =TA |

M .
CONTINUE

—— 990 ¢
|FOHHRTl'0'.9GIH,S.IISX.BGIH.QLJ

CONT. ON PC ©

) A-69

P P
AN

.
AN




R e L

e

A70

ENTER RFTER TRUE
PRTH STRTEMENT

G8 10 200

ye-ec=========-===0050Kel.ICNT )

=

[eaLL RK(NEO.LL.Y.DY.T.DT.YH.YP.YH.R!.DIFEQLJ
{

| -

]

t

[]

[}

[ ]

1 ]

]

L]

1

t

1 1
]

[

: NUM=NUM*1
[}

[]

[ 3

[ ]

[

L]

[

3

1

]

[ ]

[ ]

T=NUM»DT

[cALL 01FEQ (Y, YP,T.NEQ) ]

© SATNT 9907, (7 (31, J=1. NEQI, (TP (L) . L=1. NEQ) |

- - - mm - ececem=->==5§
CONT INUE

CONT. ON PG 9

o ——— i,

PP —




Co0 10 30

999 _
{FORMAT(® " FIN4.3.TIN. N, FIN,S5,FIN.0,2FIN. N, Y IN.NLFIN, 1 FIY. S |

999 ¢

FORMAY (* °,9X, *TIME®,6X, *THTG DOT°, 10X, 'EPST ., 12X, "TR",
11X, "EPS*,8X, *“THTH 0OT*,Sx, "THTHG DOT*,1cX, *QM*, 10X, *KB...*}

RY
200
(co 108 r201,202.202.2017,NCS ]

v,

YHX 12) =0, 1
YMX (3) =500.
YMN (1} ==, 00S
YMN (2) =0, 1
YHN (3) =-500,
N3ke1

(actir=oos]

<
YHX (21 =, 10
THX (3) =500,
YMN (1) ==, 005

CoNT. MM PC 10

A-71

. T SN




A-72

T A O P I S = g rs i n

l

YMN (2} =~, 10
YMN (3) =-500.
NSH=2

OXM=sYS«0TP
XMX=0XM

I 00 204 I=1,2

PRINT 997, (HD1 (J,NCS),J=1,8 ), (HD2(L,NCO} ,Le1,8 ),
(HO3 (NCO,NCN, M) ,M=1,6) , (HOY (N, NOP) ,N=1,7)

[PRINT 807, (MORLL (K], K=1,20) ]

Rv
[CALL PLOT (XPL, YPL, NPT, XMN, XMX, YMN, YMX, NSH) ]

l

XMN=XMX
XMX=XMN+DXM

v
CONT. ON FG 11

i

W e

SRS A sm 1
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A-74

SUBROUTINE INPUT

COHHUN/HERD/HU!(?O ﬂ) H02(10 2) ,HD3(2.4,6),H04 (7,6),MOALL (20}

CBMMON/PRAS/PARM (S5
DIMENSION NAME (SS)

ORTA NAME/* KI°,

'TRUP'
PS°.

'TRUC'

* KB' * CH2°,* OSE*." KSE',
.+ DBH'.* BBG*.'TAUI*.* HO"'.
. T8G".
10°, ‘TAUS*/

L] Kﬂ..
‘TAUY*, * OGH',

* NCS*,

’ TBH‘.

* KP',* KH®,' PIN®,* RDM',
'RVMX*, ¢ L°, c. . .
' NCN°', F'.' OT'.‘ TND®, * OTP°,
* JHE'.‘ OHE®,* TGF*,* NOP°,*® OMN°,
*TRLM"®,* KBG', * KBH®,* TAG®,
*TRU2',* A1°,°*TAU3", *TRUN®,

J', ' PTE®,
vl . A
' NCO°,

*E1°.*TAUL®,

A1

10
[AEAD 993,10, VAL |

IF (10.6GT.100)

ENTER AFTER TRUE
T PATH STATEMENT

STOP 1

IF (10.E0.100)

ENTER RFTER TRUE
PATH STRATEMENT

GO 10 20

PARM (10) =VAL

CONT. ON PG 2
PC 1 OF 3

e vy g A e R s ans

- ey

g oy g




B v e e e e i = e g

e g e e e e e e —

B e e e R e T I e STEER Y

Go 10 10

998
L FoAMRT (‘0',/( °,S(13,1X. A4, *=*,G14.6, ", *,2X))) |

CONT INUE

NCS=PARM (20) +0.1
NCD=PRRAM (21) +0, 1
NCN=PARM (22) *0. 1
NOP=PARM (34) «0.1

PAINT 997, (nD1 (J,NCS),J=1,08 ), (MD2 (L,NCD),L=1,8 ),
{MD3 (INCD,NCN. M) ,M=1,6) , (MOU (N, NOP) ,N=1,7)

[PRINT 807, (HOALL X) ,K=1,20) ]

907
[FORMAT (*D*,N0X,20R4) }

997
[FoRmMaT (*1°,31R4) |

9
[PARINT 998, (K, NAME (K], PARM (K) ,K=1,55) |

lFUHHRT(I3.GI7.0)|

CONT. ON PG 3 ..
g2 of 23

A75
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RETURAN

B e e T

B N e e T ]

e )

e sl




© e e T rr—— >

CU”HON/TRBLFS/THTOL( 500)

SUBROUTINE OIFEQ(Y,VP,T,NEQ)

TGTOL ( S00) ,NOEL, TOLO, NON

COMBON/GPUT - EPS, QM. XTHP, THIOT.THGS

CUHHON/PRHS/!KI XKR, XKP, XKM, PTN, ADM, XJ,PTE, TRUC, TRUP, TRUY . OGH,
AVMX,XL.C.V.8, XKA, PS, XNCS XNCD, XNCN,F, DT, TND,DTP. XKB
.CH2, DSE. XKSE, X JHE , OHE, TGF
. XMOP NN, 2ET. 08, 08G. TRUI, HD, TALM
- XKBG, XK8M, TRG, TAH, TBG, T8A
E1,TRUI, 1AU2, A1, TAU3, YRUH 20, TAUS

COMMON/CRSE/NCS, NCO, NCN, NOP
OIMENSION Y (NEQ), YP INEQ)
YHUPI-G 283185

THGe Y (1)

THGO=Y (2)

ENTER AFTER TAUE
PATH STRATEMENT

Y(3)=TALN

IF (Y (3).LT.~TRLM)

ENTER RFTER TRUE
PATH STATEMENT

Y3} =-TALM
TR= Y (3)
PF= Y (4]
PM= Y (5}
EPT=Y (8)
THS=Y (T}

CONT. ON PC 2

A-77




T T . Rt 7] P 1 o T 2 s

A-78

(e T A T T o, 6 -

<

ENTER RFTER TRUE
PATH STRATEMENT

1F (Y (8) .GT.AVMX)

ENTER AFTER TMUE
PATH STRTEMENT

Y (8) =AVHX
AVaY (8)
THN=Y (9)
THHG=Y (10)
THHCD=Y (11)
T1GSPD=Y (12)
TGSPOO=Y (13}
THSPD=Y (1Y)

THSPOD=Y (15)
THSS=Y (16)
THGS=Y (1)
THGSD=Y (18)
EPS=Y (18)
PHGSD=Y (20)
YP(12) =Y (13)
THHSD=Y (21)

-

THS0T=0.0
IHHOT=0,0
T0=0.0
} T4I0T=0.0
LTHS101=0.0

{60 10 (10.20),NCO |

CONT. ON PG 3

ec. 2 of

e iy ATV TSRS T SN

BT r—— TRy

17




J e ot T

10
[co 70 (11.12,13.14),NCN |

ENTER RFTER TAUE
PATH STATEMENT

THSOT=R1wT
THSDOT=AR1

CONT. ON PC &

ec 3 QOf 12

AT



A e e

S

B e - o ——p—

THIDT=F

LTHHOT=THHGD *THIDT |

{60 10 S0 >°E

20
LG8 1O (21.22,23.2%), NCN |

21
[(THSOT=0.015«SIN (THOPTuFwT) ]

4
G0 10 S0 y

22
[IHA0T=0. 18SIN (TWOP [ w0, 6wT) |

23
L70=1000. «SIN (THOF IwFwT) |

IGO J0_Sso >(>E

CONT. ONPC S

BG4 OfF 17




EEEE

24
| THIOT=0,6«SIN (THOP[wFuT) |

[TAHOT=THHGO* THIOT |

IF(TOLD.EQ. T}

ENTER RFTER TAUE
PRTH STARTEMENY

123

THOEL=THTOL (NON)
TGOEL=TGTOL (NON)
THTOL (NON) «THHOT
TGTOL (NON) « {HGD
TOLD=T

NON=NON+1

ENTER AFTER TRUE
PA1A STATemenT

CONT. ON PG &
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CONTINUE

a ENTER RFTEH TALE

PATH STATEMENT

124

THOEL =« THHDT
TGOEL=THGD

‘—j +

TGSPOT=TGSPOO
THSPOT=THSPOOD |

|ce 18 (150,250,350, 450,550,650} , NOP |

lEE
CONTINUE

[co T8 (100,200,300,500) ,NC3 |

CONT. ON PG 7




100
CONTINNIE

¢
Cumnuunmnun
c POSITION CONTROL LINERR MOOEL
Cunnnnnmnmnn

i
LEPS=XKIw (THS-THC) ~-XKRwTHGD-XKHuTHHOT |

1019
[ TROT= (PTE« (EPS-PF) -PTNw (THGD-THHOT) -TA} /TAUC |

JF (TR.GE. TARLM.AND, TROT.GT.0.)

ENTER RFTER TAUE
T PATH STATEMENT

TAOT=0,

IF(TR.LE.-TALM.AND.TARO7.LT.0.)

—— ENTEA RFTER TAUE
T PATH STATEMENT

TRDT=0,

PFDT= (XKPuTAUPwTRDOT-PF) /TRUP
THCODT= (TR+TD-0CHw (THGD-THHOTI ) /XJ
PMDT=0.0

EPDT=0.0

RVDT=0,0

EPTaTHS-THG

Y (6) =EPT

CONT. BN PC B
ee.7 . _ofF 17 _
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G0 70 u0O
2
CONTINUE
v
Couseoroesesentsen |
Cc RATE CONTROL LINEAR MOODEL
Cununsnnun I
»

EPR=XKBw (XKI®EPT AKAw (THSDT-THGD))
EPS=EPR-XKHw THHDT

R2

201
| TAOT= (PTEw (EPS-PF) =PTNw» {TH  j~THHDT) -~TR}/TAUC |

1F (TA.GE. TRLM.AND. TROT.CT.0.)

ENTER AFTER TRUEL
PHTH STATEMENT

1F (TA.LE.-TALM. AND. TROT.LT.0.)
N ENTER AFTER TRAUE

PATH STATEMENT

[TA0T=0. 4

CONT. ON PC 8
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PFDTa (XKPTRUPwTROT-PF) /TAUP
EPDT=THSDT-THGOD

PMOT=0,0

AVDT=0.0

THCOOT= (TR+TD-DGHw (THCO-THHIT) ) /XJ

GO TO u0O
3
CONTINUE
A2
Connunnann
[ NONLINERR FLOW MODEL - RRTE CONTROL
Connunuuns
hvd

EPR=XKBw (XKInEPT +XKAw (TH.SOT-THGO))
EPS=EPA-XKHwTHHOT

CONTINUE

[EPOT=THSDT-THGD |

AY

CONTINUE

IF (PH.GT.PS)

L

ENTER RFTER TRUE
PATH STRTEMENT

CONT. ON PG 10
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ENTER RFTER TRUE

T PATH STATEMENT
PH=_PS
TRsROMuPMu, 01
Y(3)=TA
TRDT=0.0
QLuXLuPM
QH=ROMw (THGO-THHOT)

ENTER WFTER TRUE
PRTH STATEMENT

GO0 _T0 321

[ Qv=CwSQRT (0, S« (PS+PH) ) wAV |

{60 To 322 >

21 I:

[GV=CwSORT (6. 5« (PS-PH) ) %AV ]

CONT. ON PG 11




3 .
CONTINUE

| PMOT=2, B (QV-0M-0L) /V ]

ENTER RFTER TAUE
T PATH STATEMENT

1F (PM.EQ.-PS.ANC.PMOT.LT.0.)

ENTER AFTER TRUE
PAT STATEMENT

PHOT=0,

PFOTs (XKPuTAUP«AOMwPMDT=0, 01-PF} /TRUP
AVOT= [XKR= (EPS-PF) -AV) /TRUY

THGOOT= (TR+TO-0GHw (THGO~-THKOT) ) /XJ

CONTINUE

THCOT=THGD

THHGDO= (TR*TCF +CH2uTHH-0SEwTHHGO-DCHw (THMGO-THGD) -XKSE@THHG) /X INE

THHGOO0=THHGOOw
THHCOT=THHGD
YP{1) = THGOT
YP(2) =

YP (3} = TROT
YP (4] =

HO

CONT. ON PG 12
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YP(9) = AVOY
YP (9) = THHOT
TP (10) «THHGOT
TP (11) «THHGOO
XTHPoXKRw (THSOT-THGO) *XKIwEPT

[FETiAn)

Counwnununn
c NONL INERR FLOW MOOEL ~ POSITION CONTAOL
Crunununnny
'EPT-TNS-TNG l
Y {6) =EPT
EPOT=0.0
EPSaXNIuEPT-XKAwTHGO-XKHuTHHOT

GO0 10 301

A-88

350

1

CONT. ON PG

@ :
ENTER AFTER TRUE

PRTH STATEMENT

13
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G




IFIPN.LT. -PS)

ENTEA RFTER TRUE
PRTH STATEMENT

PHe-PS
TR=ADMuPMu, 01

THCOOT= (TR+TO-DCHw (THGD-THHOTY ) /XJ
TEMP=0,

ENTER AFTER TAUE
T PATH STATENENT

ENTER RFTER TRUE
T PATH STATEMENT

[EMP=nGDOT+0BG

TGSPID= (XKBCuTBCuTEMP -TGSPOD) /786
YP(13)=TG3PI0

PHGS00= (TAG«TGSP3ID+TCSPOOCEL) /TRC

TP (20) =PHGS00

THGSDD= (TAU3wPHGSOD+PHGSD-THGSDY /TAUN
TP {18) =THGSDO

YP(17)aY (18)

e

CONT. ON PC 1M
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EPSPR=XKIn (THS~-THGS) +XKA= (THSOT-THGSO)

EPSPO=XK 1w (THSOT-THGSD) *XKRw (THSODT-THRSDOY
EPSOT= ((TRU2/TAULI » (TAUI=EPSPO+EPSPR) -EPS) /TAU2
YP (19) sEPSDT

[G8 10 (101,202,303.501),NCS |

450
LTGSP30=10. whiNukiN® (THGO-PHGSD) -2, wZE TukiNa TGSPOO-WNubiNu TGSPD |

YP(13) =TGSPID

PHGSD0= (. 03S«TCSPOD+TGSPD-PHGSD) /70, 007
THGSD0 = (TARU3wPAGSDO*PHGSO-THGSO) /7 TRUM
YP (20) =PHGSO0

YP (18) =THGSOD

TP{1NeY(18)

EPSxXK]w {THS-THGS) »+XKAw (THSOT-THCSD)

PHD=0.0

IF (PHTD.GT.DBM)

ENTER RFTER TRUE
PRTH STATEMENT

CONT. ON PC 1S
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PHO=PHTO-08N

1F (PHTD. LY. -D8H)

ENTER RFTER TAUE
PATH STATERENT

PHO=PHTO+0BM

THHSOO= (PHO-THHSD) /TRUS
YP 121) s THHSOD
PGT0=TGOEL

PGR=0.0

ENTER AFTER TAUE
PRTH STATEMENT

ENTER RFTER TAUE
PATH STRTEMENT

PGO=PGTO*DBG

PHCS00e (XWBGHPCD-PHCSO) /TAUS

YP (20) »PHGSO0
1HGSDD-(TRUSIPHGSOD'PHOSD-TNCSDIIYHUH

YP (18} =THGSDO

PNV (18)
EPS'XKIG(THS-THCS)OXKR-(THSOT—THJSD)-XKH-YNNSO

CONT. ON PC 18
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A-92

Go 10 303

6
S70F 850

IYGSPSD-HNIHN-THGD-Z.nZET-HN-TGSPDD-HN-HN-TGSPD|

[rusrau-uu-uu-rnnov-z.-za1-uu-rnsroo-un-un-1nsro

THHSO=THSPO

(zlalalglalalalsl

¢
THHSD=0.0
1F {THSPD. GT.DBH) THHSO=THSPU-0BN
I1F (THSPD,LT. (~-D8H) ) THHSD=THSPO*DBNH
THGS0«0.0
1F (TGSPD. GY.0BG) THCSO=TGSPO-DBG
IF (TGSPD.LT. (-DBG)) THGSO=TGSPD*DBG
Y(18) aTHGSOD
THS30T= (TAUIwTHHSD+THSS ) /TAUL

b7,

c
c

TCSS=THC-THH+*THSS
EPSaXKIw (THS-TGSS) ~XKARaTHGSO-XKHaTHHSD

THNSS0T=0.

THGS00= (TRU3wTGSPOD+»TGSPD-THGSO) /TRUN
TP (18) = THGSOOD

TP (12} =TGSPOT

YP(13)=2TGSP3I0

YP (14) = THSPDT

YP (1S) «TH5PI0

YP (16) =THSSOT

IYP(I7)-TNGSD'

v
CONT. ON PG 17




L e e o B AR Y MR | S ta e e e o

[ce 10 _(101,202,307,501) ,NCS ]

202
[EPS=XKiw (THS-THGS) *XKRw (THSOT-THGSO) < XKHA=THHSO ]

EPT=THS-THG

Y (6) =EPT |
EPOT«0.0
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[ SUBRBUTINE PLOT (X, Y, NP, XMN. XMX, YMN, YMX, NS) |

DIMENSION X (NP),Y (3, NP}, YHN(3),YMX (3),IPT(101),ICR(3,2),
SCLY (3,11),1H0(3,2),YFCT (3)

DRTAR 1BNK/* e ILNEI‘I */,13TR/ ' ‘7
0ATA ICAR/'E . '.E .0 " *
OATA 1MD/ EPST®. 'THCD®, 3 TR', "EPST®, ‘THGOD*,* TR‘/

@DI_l_L'E} b2

BTYa (YTMX (K} -YHN(K) ) »0. 1
SCLY (K, 1) aYMN (K)

)

1)

1

X [SCLY (K, J) #SCLY (K, J-1) +87Y ]
]

1

SCLY (K, 11} =YMX (K}
PAINT 999, ISCLY (K,J),J=1,11), IMD (K,NS), ICR (K, NS)

v
CONT. ON PG 2
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10 0
CONTINUE

[xrFCTeus. /7 (xmua-XHN) |

r— —===- {0012 K=1,3 >

[YFCT (K 2100, 7 (YHX (K) =YHH (K] )]

CONT INUE

PAINT 438

(00 100 K=1.46 > - - - ©S

— - (00 101 Jei, 108 )

1PT (J) « 1 BNK

CONi s NUE

CONT. ON PG 3
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€08 102 J=I,NP > =~ = - Dy

L IXa (X (J) =XMN]} wXFCT*1.5 |

& :
ENTER AFTEA TAUEL

T PATH STATEMENT

00 103 1=1,3 - - = by

9
(1Y (YU, ) =YMR (1)) wYFCT (1) *1.5 |

IF(IY.LT.1.0N. IY.GT.101)

ENTER AFTER TRUE
PATH STATEMENT

ENTER RFTER TRUE
T PATH STATEMENT

CONT. ON PG M

———————




JPT(IV) =]STA

ENTER RFTER TRUE
PATH STRATEMENT

CONTINUE

XOUT=XMN¢ (K-1) /XFCT ]

{00 104 J=1,101.10 > - - - bS§

IFLIPT () .EQ. 18NK)

ENTER AFTEM TAUE
PATH STRTEMENT

IPT () = 1LNE

CONT. PN PG S
eG4 OF. S
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A-98

A

CONTINUE

v
{PRINT 887,X0UT, (IPT (S ,J=1,101} ]

2 - --Pyg0 ¢
CONTINUE

PRINT 898

ARETURN

997
(FORMAT (* °,F10.2,2X,101R11 |

998 ¢
[FoAMAT 113X, '] *, 109 C°~"1,°1 1) ]

998 W
[FORMAT (7X,11F10,3.2X. A4, 1X, "{°,RL, ) 9 ]

AT Tt W ¢ L e

i
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SUBROUTINE SCRLE (Y, NP, YMN, YHX, NC)
DIMENSION Y INC,NP), YMN (NC) , YHX (NC)

‘ (00 10 K=1.NC > - - - D3
(rAx=0.0 ]

9
[THP=RBS (YIK. D] ]

III=I|I :
ENTER RFTER TAUE

<
T PATH STATEMENT

]
'
[
'
'
'
[
'
[
'
'
'
'
'
'
)
' YMAX=THP
[

[

[

CONTINUE

CONT. ON PG 2
ec 1 ofF 23
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ENTER AFTER TAUE
T PATH STRATEMENT

YMAX=YMAX«10,
NPOW=NPOH-1

ENTER RFTER TAUE
PATH STRATEMENT

ENTER AFTER TRUE
T PATH STATEMENT

INT=10
YMX (K) 2 INTo (10, ewNPOK)
YMN (K) == YHX (K)

CONT. ON PG 3
ec 2 0OF




- -=-Pg ¢
[ CONTINUE |

AETURN
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[ SUBROUTINE AK (N,K,Y0,0Y, X0S,0X, YN, YP, XK, A],DIFEC) ]

4
[C_wwaw N SPECIFIES NUMBER 6F EQNS.Kel PAGVIOES YP'S AT END POINTS |

DIMENSIOGN YOI(N), DY!N) YH (N}, TP (N) ,R] (N, U4}

DOUBLE PRECISION
xos
RIE

X0 =»
2
lce 16 11,2.3,4.5),1 |

1 =1

1

=]

j=me=o-cemeccec----(006J~ 1.0

LR A I Y e T . A Y

Lywtd) = Y8(5 |}

[

10
[CALL DIFEC (YW, YP, XW.N) |

—

A-102

7]
[AI (. 1) = DXwYP (D) |

CONT. ON PG 2
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j o] ¢}

. IGO 10_8 >°E
[xn_= x8 ¢ 0.5w0X ]

'--.---.-----.°'<°°’J'lo“

EICAC I IR I B A A rﬁ"mjyou) +0.S#A1 (J. 1) ]

e5 70 _10_>+{f]
1:rd

3
I e € L RV I I D

- - - 11

(Ywiy) « YO(J) * 0.S5«RIJ,2) ]

CONT, ON PG 3
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A-104

..._------------(og‘zJ."D
'

’

U

[ IRE g TH

[Yyuis = YOUJ) AL J,3 |}

v 0

G T0_10_>othy]
1:¥3

ceecceammee===-C0013J=1N

oV - 0 Se AT (.11 AL (J; W) *AI(J,2) *AI (J.311/3.0 ]

l----—------—---—-
Yot _= Y8 ’DY(JII

4
'
t
t
)
'
'
'

:I=I|=all :
ENTER AFTER TRUE
1 PATH STRTEMENT
[ RETUAN |

—emmmm e == -CEE B IS LN D

---—-—-----——-—o--

YH{J) = YO (J) !

CONT. ON PG &
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CALL DJFEC (YW, YP.XW,N)

RETURN
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APPENDIX B

ANALOG AND HYBRID WIRING DIAGRAMS
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