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E-2543

ELIMINATION OF NOISE AND ENHANCEMENT OF STABILITY AND
DYNAMIC RESPONSE OF THE APOLLO LUNAR MODULE
RATE OF DESCENT PROGRAM

ABSTRACT

At about 30 ft, altitude in the Apollo 12 Lunar descent, unexpected excur -
sions of the lunar module descent propulsion system throttle occurred, The
excitation initiating the throttle excursions was found to be several sudden pitch
attitude corrections performed manually with the attitude control assembly (ACA)
by Commander Charles ( Pete) Conrad. Because the inertial measurement unit
(IMU ) is located substantially in front of the center of mass of the LM, these
pitch rates produced IMU bobbing motions which were detected by the vertically
sensing accelerometer, The IMU bobbing motions caused the guidance program
to compute apparent thrust and altitude rate changes and consequently to command
the unnecessary throttle excursions, In addition, a deficiency in the damping of
the guidance and control system was indicated by the persistence of throttle ex-
cursions following the initial excitation, The damping deficiency was traced to a
mismatch between the actual time constant of the descent engine and the time
constant assumed by the guidance and conirol compensation, The excitation
has been eliminated for Apollo 14 by correcting the accelerometer readings such
that the readings are referred to the center of mass of the LM, The damping of
the guidance and control loops has been enhanced by matching the compensation to
the measured performance of the descent engine, Digital simulations of the LM
descent, which include attitude excitations similar to those of Apollo 12, have

been made using the corrected system, A parameter sensitivity study has been performed

iii



using a Z transform model of the system to determine the stability limits, These
limits have been verified by digital simulation, The Z transform analysis and
digital simulation study indicate that the excitation has been eliminated, the system
is correctly modeled and compensated, and the stability margins are adequate,

by: Allan Klumpp and George Kalan

October 1970
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NOMENCLATURE

Several systems of nomenclature are used in connection with the ROD

guidance program, The following table provides a cross reference between these

nomenclatures,
' I
THIS MEMO : ABBREVIATION | LGC | GSOP (Ref, 4)
................ B ey S S SISy PSS
: : 1
]
TAUROD 5 TV ! TAUROD ' TAUROD
LAG : L E LAG i LAG
1 ]
LAG/TAU : - : LAG/TAU | Lag/ TAUROD
THROTLAG : TT E THROTLAG |7y,
TAUENG : TE E - Voo =
I
DELAY i D !  PPROCESS + It -t +
' | 1
: ' |PIF|/(2FRATE) ! |t -7/ 2 FRATE)
' ' 1
KFM ' KFM | - V-
I ] 1
sAp ' sAp ' FWEIGHT | 6 Note 1
1 ) |

Note 1: 6AP is equivalent to 6fP and FWEIGHT although §A | has acceleration
units and 5fP and FWEIGHT have thrust units,

2

Denotes a sampled quantity
Instantaneous acceleration

Actual acceleration (instantaneous acceleration at a specified
sample instant), If no sample instant is specified, the current

sample instant is implied,

Measured average acceleration during the preceding sample inter-
val obtained by dividing the velocity increment measured over the
preceding computation cycle by the elapsed time, (gravity ignored)

Extrapolated acceleration command, This command is based on
the velocity error extrapolated to the time the current acceleration
command increment is expected to be, in effect, achieved (i, e,
the time an equivalent acceleration step is achieved as shown in
Fig, Al Appendix A),



A
A

ACA
DECA

DELAY

ET
EA
GSOP

IMU
KFM

Acceleration command increment ( extrapolated acceleration error),

Acceleration correction increment which must be added to the
measured average acceleration X'to yield the actual acceleration
A A*
Attitude Control Assembly

Descent Engine Control Assembly, This is a digital-to-analog
conversion device which couples the LGC to the descent engine,

The input to the DECA is the LGC pulse train emitted at 3200 pulses
(bits ) per second, and the output is a throttle voltage, The output
voltage corresponds to the cumulative count of input bits, The
scaling is defined in Appendix C,

The throttle routine's estimate of the time interval from the sample
instant to the time the resulting equivalent acceleration step is
commanded (Appendix A Fig, Al), This includes the computation
delay plus half the actual time required to output the throttle pulses
at 3200 pulses/second, and is, on the average, equal to LAG minus
the estimated engine time constant THROTLAG,

exp (- T/ TE)

exp (- (T -D)/ TE)

Guidance System Operations Plan ( Ref, 4)

Inertial Measurement Unit

The actual sensitivity of the system to step changes in commanded
acceleration divided by the sensitivity modeled by the guidance
computer, This includes both the engine thrust sensitivity error
and also the mass estimate error - hence the double tag FM.,

KFM = 1 means the system is correctly modeled by the guidance
computer. KFM >1 means the system provides a larger accelera-

tion increment than expected,

The ROD guidance channel's estimate of the total time interval
from the sample instant (the time the accelerometers are read) to
the time the resulting equivalent acceleration step is achieved
(Appendix A Fig, Al), This is the sum of the computation delay,
the estimated engine time constant THROTLAG, and a nominal in-
terval to account for half the average time required to output the
throttle pulses at 3200 pulses/second,



LGC LM Guidance Computer
LM Lunar Module

LUMINARY The LGC Program used during any manned lunar landing mission

MIT Massachusetts Institute of Technology

NASA National Aeronautics and Space Administration

ROD Rate Of Descent guidance program

T The sample time interval, i, e, 1 second

TAUENG The actual time constant or time delay of the descent engine, It

may be assumed that the engine responds either as a first order

lag or as a pure delay,

TAUROD The inverse of the gain of the ROD channel, If the sample interval
were small with respect to TAUROD, the ROD guidance would null
an altitude rate error exponentially with a time constant equal to
TAUROD,

THROTLAG The throttle routine's estimate of the engine time constant assum-
ing the engine response is a first order lag,

v Instantaneous velocity (altitude rate)
VC Commanded velocity (altitude rate)
5§V Velocity correction which must be added to the instantaneous velo-

city measured at the current sample instant to obtain the extrapolated
velocity at the time the equivalent acceleration step is achieved,
See Appendix A Fig, Al,



INTRODUCTION

A new terminal descent program featuring automatic nulling of the hori-
zontal velocity components was designed and coded for Apollo 13 and subsequent
missions, While testing the new program, Clinton Tillman of Grumman Aero-
space Corporation noticed peculiar excursions of the descent engine throttle,
These excursions occurred with a two second period (twice the sample period of
the guidance program) and had a peak-to-peak amplitude of about 4 or 5% of the
rated thrust of the descent engine, Because a time plot of these excursions had
the appearance of a castellated nut, they became known as throttle castellations,
Tillman searched the Apollo 11 and 12 telemetry data for similar phenomena, and
discovered not only castellations similar to those in the new Apollo 13 program,
but also throttle excursions of approximately 25% peak-to-peak relative to a cen-
ter value of 27% of the rated thrust of the descent engine, Since the throttle ex-
cursions observed in the telemetry data were too large to be attributed to granu-
larity and noise in the rate of descent algorithm, it was clear that another cause
had to be found, Robert Covelli and Allan Klumpp of the MIT Draper Laboratory
observed that the initiation of the oscillations seemed to be correlated with pitch
attitude transients, The cause of this correlation was traced to the LM geometry
shown in Fig, 1. Since the IMU is located substantially in front of the center of
mass of the LM, these pitch rates produced IMU bobbing motions which were de-
tected by the vertically sensing accelerometer, Because LM commander Conrad
made only small pitch angle corrections about an erect attitude, the IMU bobbing
motions produced were the same as if the IMU were replaced by the equivalent
IMU shown in Fig, 1, Klumpp calculated that the IMU bobbing rates modulated
the thrust and altitude rate estimates to an extent sufficient to cause the rate of
descent (ROD ) guidance program to command the initial erroneous throttle ex-

cursions,

Initial attempts to reproduce the pitch rates and the throttle excursions in
bit-by-bit simulations (digital simulations of the LM descent including instruction-
by -instruction simulation of the LM guidance computer (LGC)) were only partially
successful, The pitch motions, including the precise timing coincidentally achieved
by Conrad, were reproduced faithfully, and the onset of the oscillation occurred as
expected, but the oscillation died out far faster in simulations than in flight,
Consequently, ata meeting with NASA on the throttling problem, MIT reported that
considerable modelling errors remained, James Alphin of the manned spacecraft

center returned to the telemetry data in search of the modelling errors, and found



that the engine time constant was four to six times smaller than had been previ-
ously thought, When the correct engine time constant was used in the engine
model, bit-by-bit simulation results were very similar to Apollo 12 telemetry
data, Figure 2 shows the pitch rates produced by Conrad and reproduced by bit-
by -bit simulation, and the resulting throttle and altitude rate responses, The
vertical lines on Fig, 2 represent the instants at which the accelerometers were
read in the ROD program, Note that the rate extremes (maximum or minimum
and zero) coincide with the accelerometer readings, repetitively for 3 1/2 cycles

(7 seconds ), with phasing always such as to add energy to the system,

Utilizing the corrected engine model, a preliminary bit-by-bit simulation
study was made to explore two approaches to reduce the throttle excursions, The
first approach was to eliminate the excitation by correcting the accelerometer
readings to refer the readings to the center of mass of the LM, The second ap-
proach was to enhance the stability of the system by adjusting the two throttle
compensation constants dependent on the engine time constant, THROTLAG and
LAG/TAU, The simulation results are illustrated by Figs. 3 and 4 which display
progressively reduced throttle and altitude rate responses to pitch maneuvers,
Figure 3, in which the accelerometer readings are not referred to the center of
mass, shows that stabilizing the system by changing either THROTLAG or LAG/
TAU substantially improves the system, and that changing both constants is ap-
parently not much better than changing just one, Figure 4 shows that referring
the accelerometer readings to the center of mass does more to reduce the ampli-
tude of the throttle excursions than changing either of the throttle compensation
constants, but does nothing to improve the system stability (i,e. the small oscil-
lations which are produced die out no faster than they did in Fig, 3), The frames
in the final column of Fig, 4 show the best empirically determined system,

The preliminary bit-by-bit simulation study demonstrated the need to re-
fer the accelerometer readings to the center of mass and the need to modify the
throttle compensation constants, However, due to the insensitivity of throttle
behavior to small changes in the throttle compensation constants when the system
poles are well within the stable region, the constants which yield the greatest
stability margins would be difficult to determine with such an empirical study,
That is, changes in system performance are noticeable only when the system ap-
proaches instability, Consequently, a Z transform analysis was used to determine
the optimum throttle compensation constants and the corresponding stability mar-
gins, The remainder of this memo describes in detail the elimination of excitation
with accelerometer reading corrections and the determination of throttle com-

pensation constants with the Z transform analysis,



EXCITATION ELIMINATION

The primary source of throttle excitations observed in the Apollo 12 tel-
emetry data was the coupling of pitch rate changes into the accelerometer mea-
surements, Figure 1 illustrates the geometry associated with this excitation,

The concept for eliminating the excitation is to correct the accelerometer
readings so that the accelerometers appear to be located at the center of mass,
The complete vector equation for making this correction would be

ACC_ = ACC;, - OMEGA X (RIMU - RCM)

where éCCC is the corrected accelerometer reading vector, éCCU is the uncor-
rected vector, OMEGA is the angular velocity vector of the spacecraft, RIMU is
the position vector of the IMU, and RCM is the position vector of the center of
mass, All vectors are expressed in IMU coordinates, Several simplifying as-
sumptions can be made which reduce considerably the computations required,

These are:

1, The X IMU axis is vertical,

2, The spacecraft is essentially erect, This is necessarily true near
touchdown; otherwise there would be a horizontal translational ac-
celeration, Thus the X body axis is also vertical,

3. The center of mass is approximately on the X body axis,

4, The correction of horizontal acceleration nieasurements (Y and Z
IMU axes) is unnecessary,

5, There is zero displacement between the center of mass and the

IMU in the lateral (Y body) direction,

With these simplifying assumptions, the IMU could be replaced by the
equivalent IMU shown in Fig, 1, and the correction reduces to the following scalar

equation

ACC = ACC

CcxX Ux OMEGAY . RIMUZ,

where ACCCX and ACCUX are the corrected and uncorrected X accelerometer
readings and are still expressed in IMU coordinates, and OMEGAY and RIMUZ
are the pitch rate estimated by the digital autopilot and the IMU Z coordinate and

are now expressed in body coordinates,



STABILITY ENHANCEMENT

A Z transform analysis was used to optimize the throttle compensation

constants and determine the stability margins of the system, The sampled data

model of the system used in the Z transform analysis is described below,

Model

Figure 5 is a linearized model of the ROD guidance channel, The follow-

ing assumptions were used in deriving this model,

1,

2,

Because of linearity, the constant gravity bias can be ignored,

Velocities and accelerations are the inputs and outputs of the
system and the conversions to thrust units within the system need
not be represented,

Scaling errors, consisting of 1) thrust increment per bit throttle
command and 2) mass error, can be treated by a single scaling
constant KFM whose nominal value is unity,

All computation delays between the time the accelerometers are
read (the sample time) and the time the throttle command is is-
sued to the descent engine control assembly (DECA ) can be modeled
as a single pure delay at the computer-DECA interface,

The time duration required to output throttle increment bits to the
DECA can be modeled by an equivalent delay of half the total dura-
tion, (See the derivation of the acceleration correction increment,
Appendix A, ) It can be shown that this assumption produces a plant
model with slightly less gain than the actual plant, With is assump-
tion, the delay D (shown in the block diagrams Figs, 5 thru 7) is a
ok D
represents both the lumped computational delay and half the duration

linear function of the acceleration command increment s§A

required to transmit the throttle increment bits, Because it is
computed by the throttle program D appears both in the feed-forward
path and in the feed-back path, D is assumed error free,



The engine response to a step change can be modeled as a first
order lag as in the block diagrams and in the analysis, or as a

pure time delay as in a portion of Appendix B,

The accelerometers are perfect and therefore need no compensa-

tion,
The thrust vector is always alined with the local vertical,

Incorporation of landing radar measurements into the altitude rate

estimate produces no change in the altitude rate estimate,

The block diagram of Fig, 5 was specially arranged to illuminate the es-

sential design concepts of the ROD guidance, These design concepts are:

1-

The system is designed to achieve a total acceleration proportional
to the velocity error, Thus, for a continuous system approximation,
or a sample interval short with respect to the inverse gain TV, the
design concept is to reduce the velocity error exponentially with a
time constant TV, The sampled data model is designed to have a
single pole on the positive real axis located at (TV - T)/TV.
Schindwolf (Ref, 1) and Appendix B show that when the engine is
modeled as a pure delay and the compensation is exact, this simple
result is achieved, The remaining concepts are the means for

achieving this result,

The acceleration command increment (6AC) issued by the throttle
routine should drive the instantaneous acceleration (A ) into coin-
cidence with the extrapolated acceleration command (AC) from the
guidance program, The guidance program provides an estimate of
the average acceleration (7{) since the preceding sample instant
based on the velocity increment measured during the preceding
computation cycle, This average acceleration is not a good measure
of the instantaneous acceleration because of the acceleration change
made during the preceding sample period, Therefore, the throttle
routine corrects the average acceleration by adding the accelera-
tion correction increment (6AP) to yield an estimate of the instan-
taneous acceleration at the current sample instant (the actual
acceleration AA ). (See Appendix A for a derivation of the

10



acceleration correction increment, ) The acceleration command
increment is obtained by subtracting the actual acceleration from

the extrapolated acceleration command,

S The instantaneous acceleration should be time consistent with the
instantaneous velocity error, Because a non-zero instantaneous
acceleration will change the velocity error between the sample in-
stant and the time the system responds, the ROD guidance algor-
ithm extrapolates the velocity error to the time the acceleration
command increment is expected to be, in effect, achieved (i, e,
the time an equivalent acceleration step is achieved as shown in
Appendix A Fig., Al)., The extrapolated velocity error is the sample
instant velocity error plus the actual acceleration multiplied by the
total time lag, The total time lag consists of delay D due to the
computation interval and half the time for issuing throttle bits plus
the estimated engine time constant TT,

Figure 6 is identical to Fig, 5 except that boxes are combined and common
factors are cancelled, Figure 7 is the Z transform representation of Fig, 6, The
polynomial coefficients of the closed loop transfer function for the system illus-
trated in Fig, 7 are presented in Appendix B, In addition, Appendix B presents
the polynomial coefficients obtained by modeling the engine as a pure time delay,

Parameter Settings

The following are the proposed throttle compensation constants for the ROD
guidance channel, and the best estimate of the plant parameters,

PARAMETER ! VALUE !  COMPENSATION or PLANT
...................... e
TAUROD E 1,5 second E Comp
LAG i . 35 second i Comp
(LAG/TAU) l (.233333) Comp
THROTLAG ' .08 second | Comp
TAUENG E . 08 second E Plant
DEILAY E . 27 second E Plant
KFM : 1.0 E Plant
______________________ O L

11



Note that with these gain settings the system compensation is consistent
with the design concepts discussed in the preceding section, i,e, THROTLAG =
TAUENG and LLAG = DELAY + THROTLAG. Figure 8 shows the system roots
and impulse response as determined by the sampled data model, and also the step
response as determined by both the sampled data model and the bit-by-bit simu-
lation, The marks on the time axis indicate one second sample instants, With
these parameter settings the poles consist of a triplet essentially at the originanda
single pole on the positive real axis, 'The couditions for the bit-by-bit simulation
are the same as for the minimally modified bit-by-bit simulation responses as

described in Appendix C,

Stability Margins

Table 1 shows the stability regions determined with the Z transform analysis,
Each of the six parameters is varied, keeping the remaining five at the nominal
values, For each parameter, the columns of the table show the initial value con-
sidered, the last unstable value, the first stable value, the first unstable value,
and the final value considered, If no change in the stability status was found, the
column entry is X, Note that the stability regions for variations in plant parameters
are far wider than any conceivable plant dispersions, That is, the system is stable
for an engine time constant in excess of 0,9 second, for a computation delay in
excess of 0, 92 second, and for a thrust sensitivity to bit increments in excess of
2.3 times nominal, THROTLAG is the parameter with the smallest stability re-

gion (from -0,39 to +0, 34 second),

Figures 9 thru 14, determined with the Z transform analysis, show the
root loci and impulse and step responses versus each of the system parameters,
On each figure, a single parameter is varied in forty equal steps from an initial
value to a final value, The closed loop system poles are marked at each of these
41 cases numbered 000 to 040, If a case is of special interest, then the system
zeros and the step and impulse respouses are plotted, the first two step valucs
and the pole and zero locations are listed above the plots, and the values of the
parameters are listed below the plots, The special interest cases consist of 1)
the initial and final values and every eighth case between, 2) the case in which

the parameter being varied is closest to its nominal value, 3) each stable case

12



in which the preceding case is unstable (identified above the plots with a single
asterisk), and 4) each unstable case in which the preceding case was stable
(identified above the plots with a double asterisk), Thus the stable region is be-

tween the single and double asterisks,

Figure 15 thru 26 display the system behavior at each extreme parameter
value, The extreme value is the first or last stable value if a stability limit exists.
Otherwise the extreme value is limited by ability to simulate (e, g. numerical
integration considerations require the engine time constant to be no less than about
.05 second) or by reasonableness (e, g, we felt that TAUROD in excess of 2,00
need not be considered), These figures show the root locations and the impulse
response as determined by the sampled data analysis, They also show step re-
sponses from three sources, 1) sampled data analysis - solid line, 2) bit-by-bit
simulations with the minimum number of modifications required to simulate the
extreme cases - dashed line, 3) bit-by-bit simulations modified as necessary to
adhere as closely as possible to the conditions of the Z transform analysis - dotted

line, The conditions for the bit-by-bit simulations are described in Appendix C,

13



CONCLUSIONS

Two measures have been taken to correct the ROD guidance: 1) the accel-
erometer readings have been corrected to refer the readings to the center of mass,
and 2 ) the system has been properly compensated according to the original design
philosophy, Referring the accelerometer readings to the center of mass almost
completely eliminates excitation of the ROD guidance by pitch rates, Correctly
setting the throttle compensation constants produces a system in which the
stability margins are far wider than conceivable variations in the plant parameters,

15
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Z transform analysis

Bit-by-bit simulation minimally modified

ZEROS(-0,54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.33, 0.00) (-0.03, 0.00) ( 0.02, 0.03 ( 0,02,-0,0

4 e 3 e & + g 3
T T Al A T

T T

3 -t -+
T : -+

IMPULSE RESPONSE

- + 3 " "
= o & A - -~ - -~

4
+4

UNIT
CIRCLE

" : -
- + T

STEP RESPONSE

3 4 I i 3 "
-y n e + B "

TAUROD

3 3
-+ -

1.50, LAG 0.35, THROTLAG 0.08,

+

" 3
o 5 g

TAUENG 0.08, DELAY 0.27, KFM 1,00

Fig. 8 Performance and roots for proposed Apollo 14 ROD parameters.



! " ! "
" 1 ~ 1 © 1 P
g B = 4 e e
< g N 1 - 1 '
Z < | “ " !
o > i i |
S ! ! !
SRR bl e
1 1 1 1
w 1 1 ] 1
S ! " "
< 8! " : "
531 x 15 18183
Z 2 I I B
I ] 1
] ] ] 1
m ! ! to
] | | 1
S : i ; !
....... Rk R EERE PR
w | | | 1
! “ ! “
B E 1 ] 1 1
S30 w fs igis
n < @ S =
57 N
m ! ! L
] | ] ]
eSS TEL EEEEE ATty Lo
4 ! B 1 g 1o
B | ™ 1 [2p] 1 D I
=81 9 10T
0 - " " .|_. " | "
R ! " "
S 1 1 ] 1
5 “ Lo
DR : L
bl l it L Ratial L b Jia s Taplall b i o Ratbata e fa S eae
] 1 ] 1
B
1 1
) 1 ] — 1
g s e
2 2 TR
U 1 ] 1
V_ 1 1 1
T ] 1 1 1
“w n ! ! "
] ] 1 |
R N
- 3 pmemsme——
1 1 ] 1
i
25 : P
T L 1 w 1 N ] =+ 1
57 N
] 1
|||||| decccccccdanccnaded) clecaua
a 3 o
= 5 A&
i ¢ Bz
= M_ m H

24

2,4

[}
1
I
]
1
|
0“ 5
1
"
e mmed .- - -
>
3 s
€3] By
(a] R4

STABILITY REGIONS FOR EACH PARAMETER DETERMINED WITH Z TRANSFORM

Table 1

ANALYSIS



14

CASE

040 S6TEP( 0,32, 0.66) ZEROS(-0.54, 0.00) (-0.00, 0.00) { 0.00, 0.00) POLES( 0.50, 0.00) (-0.03, 0.00) ( 0,01, 0.02) ( 0.01,-0.02)
032 STEP( 0.38, 0.75) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( O.41, 0.00) (-0.03, 0.00) ( 0.01, 0.09% ¢ 0.01,-0,09%)
02?7 STEP( 0.43, O0.81) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.34, 0.00) (-0.03, 0.00) ( 0.02, 0.03) ( 0,02, -0.03%)
024 STEP( 0.46, O.85) ZEROS(-0.54, 0,.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.29, 0.00) (-0,03, 0.00) ( 0,02, 0.03 ¢ 0,02,-0,09
016 STEP( 0.59, 0.96) ZEROS(-0.54, 0.00) (-0.00, 0.00) ¢ 0.00, 0.00) POLES( 0.10, 0.00) ( 0.02, 0.05) ( 0.02, -0.05) (-0.05, 0.00)
008 STEP( O.81, 1.05) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.25, 0.00) (-0,02, 0.03 (-0.02,-0.0% ¢ 0,03, 0.00)
® 001 STEP( 1.21, O.82) ZEROS(-0.54, 0.00% (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.86, 0.00) (-0.01, 0.02) (-0.01,-0.02) ( 0,02, 0.00) =
000 STEP( 1.30, 0.70) ZEROS(-0Q.54, 0.00) (-0.00, 0.00) ( 0.00, O0.0Q POLES(-1.00, 0.00) (-0.01, 0.02) (-0.01,-0.02) ( 0,02, 0.00)
10 A UNIT
IMPULSE RESPONSE CIRCLE
1.0
000 TAUROD 0.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
001 TAUROD 0.54, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
008 TAUROD 0.80, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
016 TAUROD 1.10, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
024 TAUROD 1.40, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
027 TAUROD 1.51, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
032 TAUROD 1.70, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
040 TAUROD 2.00, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM .1.00
CASE

Fig. 9 Performance and roots vs TAUROD.



92

CASE

»m 040 STEP( 0,43, 0,52) ZEROS(-0.54, 0,00) (-0,00, 0.00) ( 0.00, 0.00) POLES(-1,02,

032 STEP( 0.43, 0,66) ZEROS(-0.,54, 0,00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.58,
024 STEP( 0,43, 0,81) ZEROS(-0.54, 0,00) (-0.00, 0.00) ( 0.00, 0.00) POLES( O.32,
016 STEP( 0,43, 0,96) ZEROS(-0,54, 0.00) (-0.00, 0.00) ¢ 0.00, 0.00) POLES( O. 34,
008 STEP( 0.43, 1.11) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( O.51,

. m 001 STEP( 0.43, 1,24) ZEROS(-0,54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( O.66,

000 STEP( 0.43, 1,26) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( O.68,

e i e b e T i i

0.00) ( 0.67, 0.00) ( 0.00, 0.00) ¢ 0,00,~0.00) mm
0.00) ( 0.58, 0.00) ( 0.00, O.01 (¢ 0.00,~0.01)
0.00) ( 0.02, 0.03) ( 0.02,-0.03 (-0.03, 0,00)
0.48) ( 0.34,-0.48) (-0.00, 0.00) ¢ 0,00, 0,00)
0.65) ( 0.51, -0.65) (-0.00, 0.00) ¢ 0,00, 0,00)
0.74) ( 0.66,-0.74) (-0.00, 0.00) ( 0,00, 0,00} =
0.75) ( 0.68,-0.75) (-0.00, 0.00) ( 0.00, 0,00}

=G
g -+ T A\l t = 2 4 + - T + g T

1.0

T

IMPULSE RESPONSE

1.0]

STEP RESPONSE

3 "

UNIT
CIRCLE

3 3 4 Iy $ I + + il
- — - 2 B ng 5 o o ng -+ 5 5 2 5

<+

000 TAUROD 1,50, LAG -1.20, THROTLAG 0.08, TAUENG
001 TAUROD 1.50, LAG -1.14, THROTLAG 0.08, TAUENG
008 TAUROD 1.50, LAG -0.69, THROTLAG 0.08, TAUENG
016 TAUROD 1,50, LAG -0,17, THROTLAG 0.08, TAUENG
024 TAUROD 1.50, LAG 0.34, THROTLAG 0.08, TAUENG
032 TAUROD 1.50, LAG 0.86, THROTLAG 0.08, TAUENG
040 TAUROD 1.50, LAG 1.37, THROTLAG 0.08, TAUENG

CASE

0.08, DELAY 0,27, KFM 1,00
0.08, DELAY 0.27, KFM 1,00
0.08, DELAY 0.27, KFM 1,00
0.08, DELAY 0.27, KFM 1,00
0.08, DELAY 0.27, KFM 1,00
0.08, DELAY 0.27, KFM 1.00
0.08, DELAY 0.27, KFM 1.00

Fig. 10 Performance and roots vs LAG.
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CASE
ma 040 SGTEP( 0.43, 0.66) ZEROS(-0.54, 0.00) (-0.00, 0.00) (
032 STEP( 0.43, 0.74) ZEROS(-0.54, 0.00) (-0.00, 0.00) ¢

0.00, 0) POLES(-1.02, 0.00) ( 0.50, 029)(050-029)(000 0.00) m=
0.00.
025 STEP( 0.43, 0.82) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00,
0.00,
0.00,

(o]
00) POLES(-0.66, 0.00) ( 0.42, 0.25) ( 0.42,-0.25) ( Q.00, 0.00)
00) POLES( 0.37, 0.00) (-0.01, 0.17) (-0.01, -0.17) (-0.00, 0,00)

0.

0.

0.
02¢ STEP( 0.43, 0.83) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00) POLES( O.41, 0.00) (-0.02, 0.29 (-0.02,-0.29) (-0,00, 0.00)
0.
O

016 STEP( 0.43, 0.91) ZERO&(-0.54, 0.00) (-0.00, 0.00) ¢

008 S6TEP( 0.43, 0.99) ZEROS-0.54, 0.00) (-0.00, 0.00) ¢ 0.00, 00) POLES( 0.09, 0.85) ( 0.0

® 001 STEP( 0.43, 1.06) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.16, 0.97) ( 0.16,

000 STEP( 0.43, 1.07) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLESX 0.17, 0.99) ( 0.17,
AL L

e 3 3
T = =

00) POLES( 0.02, 0.66) ( 0.02,-0.66) ( 0.52, 0.00) (-0.00, 0,00
. 00) (-0,00, 0.00)
.00) (-0,00, 0.00) ®
.00) (-0.00, 0.00)

4 -t 3 - 3 4 3 3 il
ng -+ L 5 t + T T v v v

UNIT
CIRCLE

IMPULSE RESPONSE

STEP RESPONSE

< :
-~ n

4

+——+ -+ + + + ~+ + + -+
/000 TAUROD 1.50, LAG 0.35, THROTLAG -0.41, TAUENG 0.08, DELAY 0.27, KFM 1,00
001 TAUROD 1.50, LAG 0.35, THROTLAG -0.39, TAUENG 0.08, DELAY 0.27, KFM 1.00
008 TAUROD 1.50, LAG 0.35, THROTLAG -0.26, TAUENG 0.08, DELAY 0.27, KFM 1.00
016 TAUROD 1.50, LAG 0.35, THROTLAG -0.10, TAUENG 0.08, DELAY 0.27, KFM 1,00
024 TAUROD 1.50, LAG 0.35, THROTLAG O0.05, TAUENG 0.08, DELAY 0.27, KFM 1.00
025 TAUROD 1.50, LAG 0.35, THROTLAG 0.07, TAUENG 0.08, DELAY 0.27, KFM 1,00
032 TAUROD 1.50, LAG 0.35, THROTLAG 0.21, TAUENG 0.08, DELAY 0.27, KFM 1.00
040 TAUROD 1.50, LAG 0.35, THROTLAG 0.3, TAUENG 0.08, DELAY 0.27, KFM 1,00

CASE

Fig. 11 Performance and roots vs THROTLAG.
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CASE
»m 040 STEP( 0.15, 0.65) ZEROS(-1.84, 0.00) (-0.04, 0.00) ( 0.00, 0.00) POLES( 0.59, 0.81) ( 0.59,-0.81) ( 0.58, 0.00) (-0.28, 0.00) ==

032 STEP( 0.18, 0.72) ZEROS(-1.70, 0.00) (-0.03, 0.00) ( 0.00, 0.00) POLES( O.51, 0.81) ( 0.51,-0.81) ( 0.56, 0.00) (-0.25, 0.00)

02¢ STEP( 0.22, 0.79) ZEROS(-1.52, 0.00) (-0.03, 0.00) ( 0.00, 0.00) POLES( 0.39, 0.80) ( 0.39,-0.80) ( 0.54, 0.00) (-0.20, 0.00)
016 STEP(.0.27, 0.85) ZEROS(-1.23, 0.00) (-0.02, 0.00) ( 0.00, 0.00) POLES( 0.24, 0.74) ( 0.24,-0.7%) ( 0.51, 0.00) (-0.13, 0.00)

008 STEP( 0.37, 0.86) ZEROS(-0.81, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.06, 0.53) ( 0.06,-0.53) ( 0.45, 0.00) (-0.03, 0,00)

003 STEP( 0.44, 0.80) ZEROS(-0.51, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.25, 0.04) ( 0.25,-0.04) (-0.19, 0.00) ( 0.00, ©.00)
000 STEP( 0.49, 0.75) ZEROS(-0.37, 0.00) ( 0.00, 0.00) ( 0.00, 0.00) POLES(-0.57, 0.00) ( 0.37?, 0.18 ( 0.37,-0.18 ( 0.00, 0,00)

4 oy " ol i i "
Al ~r T v T + "

" e e b e : +
T = = -+ e T Al T

UNIT

IMPULSE RESPONSE CIRCLE

STEP RESPONSE

" 3

. + + + + + + + + + + + T
000 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.00, DELAY 0.27, KFM 1.00
003 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.07, DELAY 0.27, KFM 1.00
008 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.19, DELAY 0.27, KFM 1.00
016 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.37, DELAY 0.27, KFM 1.00
024 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.56, DELAY 0.27, KFM 1.00
032 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG O0.74, DELAY 0.27, KFM 1.00
040 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.93, DELAY 0.27, KFM 1.00

CASE

Fig. 12 Performance and roots vs TAUENG.
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CASE
040 STEP( 0.02, 0.66) ZEROS(Bi.11, 0.00) (-0.03, 0.00) ( 0.00, 0.00) POLES( 0.42, 0.54) ( 0.42,-0.54) (-0.35, 0.00) ( 0,22, 0.00)
032 STEP( 0.12, 0.74) ZEROS(-4.33, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.33, 0.46) ( 0.33,-0.46) (-0.12, 0.00) ( 0.10, 0.00)
024 STEP( 0.25, 0.79) ZEROS(-1.71, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.26, 0.35) ( 0,26, -0.35) (-0.04, 0.00) ( 0,04, 0,00)
016 STEP( 0.37, O0.81) ZEROS(-0.81, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(t 0.20, 0.16) ( 0.20,-0.16) ( 0.02, 0.00) (-0,02, 0O.00)
012 STEP( 0.43, 0.81) ZEROS(-0.55, 0.00) (-0.00, 0.00) ( 0.00, O. OO) POLES( 0.33, 0.00) ( 0.02, 0.03 ( 0.02, -0.03 (-0,03, 0,00)
008 STEP( 0.49, 0.80) ZEROS(-0.36, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( O0.41, 0.00) (-0.14, 0.00) ( 0.00, 0.01) ( 0.00,-0.00
000 STEP( 0.61, 0.76) ZEROS(-0.09, 0.00) ( 0.00, 0.00) ( 0.00, 0.00) POLES( 0.51, 0.00) (-0.35, 0.00) { 0.00, 0.00) ( O, 00, -0O.00)
1.0 UNIT
CIRCLE
IMPULSE RESPONSE
————— + S I . =
e _ \
STEP RESPONSE
000 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.00, KFM 1.00
008 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG O0.08, DELAY O0.18, KFM 1.00
012 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.28, KFM 1,00
016 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.3?, KFM 1.00
024 TAUROD 1.50, LAG 0.35, THROTLAG ©0.08, TAUENG 0.08, DELAY O0.55, KFM 1.00
032 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY O0.74, KFM 1.00
040 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.92, KFM 1.00
CASE

Fig.

13 Performance and roots vs DELAY.
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CASE

Rm 040 STEP( 1.04, 0.15) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.0
032 STEP( O.84, 0.60) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00Q) POLES(-O.
02¢ STEP( 0.64, 0.82) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.0QY POLES(-O.
016 STEP( O.44, 0.82) ZEROS(-0.54, 0.00) (-0.00, 0.00)f( 0.00, 0.0f}) POLES( O.
008 STEP( 0.24, 0.59) ZEROS(-0.54, 0.00) (-0.00, 0.00)/|t 0.00, O ) POLES( O.
000 STEP( 0.04, 0.13) ZEROS(-0.54, 0.00) (AO. 00, 0.00 0.00, O POLES( 0.93.

0) POLES(-1.00, 0.10) (-1.00,
. 0.44) (-0.71,-0.44) ( 0,58,
. 0.46) (-0.40,
. 0.00) (-0.03,
. 0.36) ( 0.62,

0.15) (-0.03,

-0.10) ( 0.60, 0.00) (-0.00, 0.00) mm
0.00) (-0.00, 0.00)
-0.46) ( 0.55, 0.00) (-0.00, 0.00)
-0.15) (-0.00, 0,00)
-0.36) (-0.37, 0.00) ( O.00, 0,00
0.21) ( 0.93,-0.21) (-0.42, 0.00) ( 0,00, 0.00)

d= B 3 I + 3 3 g = T
-+ -+ — T 4 5 v v W,

IMPULSE RESPONSE

.0 A
/\“f‘\
s T WU /- -‘-"-l-_z'n-

VAR

—7 ._

1 AR

1.0

-

UNIT
CIRCLE

prvvvy,
.v* vy

'v

v
v

v

v

v v
TYeevvr”

TAUROD 1.50, LAG 0.35, ROTLAG 0.08, UENG
008 TAUROD 1.50, LAG 0.35, THROTLAG | 0.08, UENG
016 TAUROD 1.50, LAG 0.35, THROTLAG ' 0.08, TRUENG
024 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG
032 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG
0450 TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG
CASE :

HYS
4

Fig. 14 Performance and roots vs KFM.
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DELAY
DELAY
DELAY
DELAY
DELAY
DELAY

KFM
KFM
KFM
KFM
KFM
KFM

0.10
0.56
1.02
1. 48
1.94
2.40
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Z transform analysis
——— Bit-by-bit simulation minimally modified

Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 1. 21, 0.82) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.8, 0.00) (-0.01, 0.02) (-0.01,-0.02) { 0,02, 0.00)

IMPULSE RESPONSE

®
»

STEP RESPONSE

" 3 4
* *

:
1
1
4
1
4
4
4

" "
" n g

TAUROD 0O.54, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00

Fig. 15 Performance and roots at LO TAUROD.
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Z transform analysis

Bit-by-bit simulation minimally modified

STEP( 0.32, 0.66) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLESt ©.50,

0.00) (-0.03, 0.00) ( 0.01,

Bit-by-bit simulation modified to conditions assumed in Z transform analysis

0.02) ( 0.01, -0.02)

1.0 ] UNIT
CIRCLE
IMPULSE RESPONSE
+ —t + + < + + + + ——t + 1 it »
1.0 ey T
STEP RESPONSE

TAUROD 2.00, LAG 0.35, THROTLAG 0.08,

TAUENG 0.08,

Fig. 16 Performance and roots at HI TAUROD.

DELAY 0.27, KFM 1,00
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STEP( O.43,

*

Z transform analysis
Bit-by-bit simulation minimally modified

Bit-by-bit simulation modified to conditions assumed in Z transform analysis

1.24) ZEROS(-0.54, 0.00) (-0.00, ©.00) ( 0.00, 0.00) POLES( O.66

. 0.7%) ( 0.66,-0.7%) (-0.00, 0.00) ( 0.00, 0.00)
-+ + + + + + + +

—+ + ~+ —+ +

Y i IMPULSE RESPONSE

& -

Koo o

" 4 3

4

TAUROL 1.50, LAG -1.14, THROTLAG ©O.08, TAUENG 0.08, DELAY 0.27, KFM 1,00

Fig. 17 Performance and roots at LO LAG.



e Z transform analysis

Bit-by-bit simulation minimally modified

e e s v 0

Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 0.43, 0.53) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, ©.00) POLES(-0.9, 0.00) ( 0.66, 0.00) ( 0.00, 0.01) ( 0,00, -0.01)

=0 e ke e = = = = rE e =S == b = 4+
- v - v
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STEP RESPONSE
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TAUROD 1.50, LAG 1.31, THROTLAG 0.08, TAUENG 0,08, DELAY 0.27, KFM 1.00

Fig. 18 Performance and roots at HI LAG.
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_— Z transform analysis
= Bit-by-bit simulation minimally modified

=Rl Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 0. 43, 1.06) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLESt ©.16, 0.97) ( 0.16,-6.97) ( 0.60, 0.00) (-6.00, 0.00)

1.0
IMPULSE RESPONSE UNIT
/\ CIRCLE
= *\¢/ u& N = » »
IO z‘ﬁ’.

STEP RESPONSE

4 4
p— =

TAUROD 1.50, LAG 0.35, THROTLAG -0.39, TAUENG ©0.08, DELAY 0.27, KFM 1,00

15
1
1
+
1

Fig. 19 Performance and roots at LO THROTLAG.
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Z transform analysis
Bit-by-bit simulation minimally modified
Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 0.43, 0.67) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.60) POLES(-0.98, 0.00) ( 0.50, 0.29 ( 0.50,-0.29) ( 0.00, 0.00)

- il s e i + b g + e =
-+ * + * + +

"

" e
v - ;

— + + + -

UNIT "

IMPULSE RESPONSE CIRCLE

®
: 3

e D

STEP RESPONSE

: " i e

3 "
- nE

TAUROD

: " " " 4 i "
- -+ ~t e - = a5 - - -~ ~

1.50, LAG 0.35, THROTLAG 0.34, TAUENG 0.08, DELAY 0.27, KFM 1.00

Fig. 20 Performance and roots at HI THROTLAG.
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STEP( O.4S,

Z transform analysis

——— Bit-by-bit simulation minimally modified

- «. .+ Bit-by-bit simulation modified to conditions assumed in Z transform analysis

b - . e N, . . b b e . . $
g -

0.79 ZEROS(-0.47, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.33, 0.00) ( 0.31, 0.13) ( O. A, ~0.13 ( 0.00, 0.00)

- v v = v v v * v ->- -

IMPULSE RESPONSE N UNIT
CIRCLE
»
+ P~ R ———— o ———@-
»
STEP RESPONSE
TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.05, DELAY 0.27, KFM 1,00

Fig. 21 Performance and roots at LO TAUENG.
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Z transform analysis

— T 7 Bit-by-bit simulation minimally modified

Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 0.15, 0.66) ZEROS(-1.82, 0.00) (-0.04, 0.00) ( 0.00, 0.00) POLES( O.58, O.81) ( 0.58,-0.81) ( 0.58, 0.00) (-0.28, 0.00)
e+ e e SIS

IMPULSE RESPONSE

UNIT
CIRCLE

—ap -

1.0

STEP RESPONSE

4 " : " 70 3
-+ - . > T ~

+

3 "
ng -

+
d
4
4
4

TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG 0.91, DELAY 0.27, KFM 1,00

Fig. 22 Performance at HI TAUENG.
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Z transform analysis
— —— Bit-by-bit simulation minimally modified
+ ++ ++ Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( O.45, 0.81) ZERO&(-0.47, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLESXt 0.37, 0.00) (-0.05, 0.00) ( 0.00, 0.00) ( 0,00, -0.00)

= 3 il = e b il b e e . b b =
-+ * v v v v v v g v v v v v

1.0
IMPULSE RESPONSE CLIJ:!?IE
qg ———— o - -

1.0 ~—rv wesr

STEP RESPONSE

V1 " : " " 4 4 s n -+
= 52 = 3 = o o s 2 —= ~v - ~r = 0 = 4 - e -

TAUROD 1.50, LAG 0.35, THROTLAG 0.05, TAUENG 0.05, DELAY 0.27, KFM 1.00

Fig. 23 Performance and roots at parameter settings equivalent to LO DELAY.
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Z transform analysis

— — — Bit-by-bit simulation minimally modified

.....

Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 0.23, 0.69) ZEROS(-1.44, 0.00) (0,02, 0.00) ({ 0.00, 0.00)1 POLES(-0.79, 0.00) ( 0.46, O0.49 ( 0.46,-0.49) ( 0.40, 0.00)

1.0 3
. UNIT
MPULSE RESPONSE CIRCLE

O 4t —- *

/f'-‘o-o~.-_._.-h‘-
|.0 . e e p_B_0 2 a4 &g o a ‘
STEP RESPONSE
TAUROD 1.50, LAG 0.35, THROTLAG 0.50, TAUENG 0.50, DELAY 0.27, KFM 1.00

Fig. 24 Performance and roots at parameter

P 4

settings equivalent to HI DELAY.
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Z transform analysis

=t Bit-by-b/it simulation minimally modified
----- Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 0.04, 0.13) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00,

0.00) POLES( 0.93, 0.21) ( 0.93,-0.21) (-0.42, ©.00) ( 0.60, 0.00)

1.0
IMPULSE RESPONSE UNIT
CIRCLE
— + + —t FE——— e S CRrs S

STEP RESPONSE

3 3 i

5 3 L
- " = "

" 3 : n : "
T - "y ng -1 - - ~r T i

TAUROD 1.50, LAG 0.35, THROTLAG 0.08, TAUENG ©0.08, DELAY 0.27, KFM 0.10

Fig. 25 Performance and roots at LO KFM.
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Z transform analysis
— — — Bit-by-bit simulation minimally modified

- -+ Bit-by-bit simulation modified to conditions assumed in Z transform analysis

STEP( 1.01, 0.22) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-O. %
e - - b

. 0.21) (-0.9,-0.21) ( 0,60, 0.00) (-0.00, 0O.O0O)

e b b b b
-+ -+ + = =

Voooise!

. UNIT
IMPULSE’ RESPONS CIRCLE
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/
/ /\ / B 4
b 7 N
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: ~ V.7 S\ V- \ S <
N ° / 3
e J 5 v/ LA N, o/
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- - == o T

TAUROD 1.50, LAG 0.35, THROTLAG 0.08,

4
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TAUENG O0.08, DELAY 0.27, KFM 2, 34

Fig. 26 Performance and roots at HI KFM.
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APPENDIX A
DERIVATION OF THE ACCELERATION CORRECTION INCREMENT

Figure A1l shows the model used to derive the acceleration correction
increment, All time delays pertaining to the ROD guidance algorithm and to the
throttle program are defined there, The DECA (Descent Engine Control Assembly)
delay TD is the time required to issue the throttle command pulses at the rate of

3200 pulsespersecond, The engine response is assumedtobea puredelayof TT,

The object is to determine the acceleration correction increment 6AP
which must be added to the average acceleration computed from the accelerometer
readings A such as to yield actual acceleration at the current sample instant AA.
( This is the final acceleration of the preceding sample interval, ) The average
acceleration computed from the accelerometer readings during the sample inter-

val T can be obtained by inspection of Fig, Al as:

?\, = AO(TC+TT)+AA (T -TC -TT -TD)+(A0+AA)TD/2‘

T

The initial acceleration of the preceding sample interval is

A . =A

0 A-éA

C.
The acceleration correction increment is defined as

—
6AP=AA - A,

Substituting these last two expressions into the first yields

A
6AP =

AT - (AA—-‘SAC) (TC +TT) -AA(T = TC -TT - TD) = (2AA = 6AC)TD/2.

T

This reduces immediately to

TC + TT + TD/2
T

6AP = 6AC
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TC + TD/2 is the computed delay D. Thus the acceleration correction increment

is computed as

D+ TT
T

6AP = 6AC

as shown in the block diagrams (Figs, 5 - 7).
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APPENDIX B
POLE-ZERO POLYNOMIAL COEFFICIENTS

Expressions for the coefficients of the pole and zero polynomials were
derived using a FORMAC program (FORMAC is an IBM processor which symbol-
ically manipulates algebraic equations, See Ref, 5), These expressions use the

abbreviated nomenclature,

Table Bl lists the coefficients of the polynomial of the system zeros, CZ4
thru CZ0 and the polynomial of the system poles, CPy thru CPy, with the engine
modeled as a first order lag, The coefficients of Table Bl are consistent with the
block diagram of Fig, 7, The coefficients of the zero polynomial are defined, for

example, as
cz.z3+cz,z%+cz. z+cz. =0
3 2 1 0 ®

Table B2 lists the coefficients of the polynomials with the engine modeled
as a pure time delay, For this case theblockdiagram of Fig, 7 is modified by the
substitution

a3 - KFM|[(D + TE)Z + (T - D - TE) z?]

(Z - 1}

It can be demonstrated that the coefficients of Table B2 are identical to those pro-
duced by Schindwolf (Ref, 1) when the appropriate correspondences are introduced,
It is also easy to verify that exact compensation produces the simplified results
reported by Schindwolf, If an equivalent system model is obtained by letting D'
represent the computation delay plus half the DECA delay plus the engine delay so
that

D'=D+TE = D+ TT = LAG = ,35 second,

and

TV 1,5 second,

KFM

1,
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.“.

then in this special case the zero polynomial reduces to

(T-D')Z+D' =0,
and the pole polynomial reduces to

TvZ: + (T-TV)Z = o,
Thus there remains a zero on the negative real axis at -D'/( T - D'), a single
pole at the origin, and a single pole on the positive real axis at (TV - T)/ TV,
For the parameters assumed the zero lies at -, 538 and the pole is at + 1/3,

The simplification immediately suggests choosing TV such as to cancel the
non-zero zero with the non-zero pole, For cancellation we would have

(TV - T)/TV = -D'/(T - D)

which produces the obvious solution
TV = T -D',

That is, if the descent engine responds as a pure delay, then the response of the
total system is exactly equivalent to a pure delay D', The time remaining in the
sample interval to null the extrapolated velocity error is simply T - D', With

the inverse gain setting TV = T - D' the error will be zero at all succeeding sample
instants, Unforturnately, the error will not be zero between sample instants,
Based on the first-order-lag engine model, Figure Bl shows that this value of
TAUROD produces overshoot between the sample instants while maintaining zero

error at the sample instants,
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CZ =-TE KFM+EA TE KFM+T KFM-D KFM

3
CZ = TE KFM ET-T KFM ET+D KFM ET4TE KFM=2 EA TE KFM+D KFM
2
CZ =-TE KFM ET-D KFM ET+EA TE KFM
1
cz =0
0
cP = TV
4
CP =-2 TV-TE KFM K+EA TE KFM K+T KFM K-D KFM K+D K+TT K=TV ET
3 .
-TE KFM+EA TE KFM+T KFM-D KFM
CP = TV+TE KFM ET K-=T KFM ET K+D KFM ET K=D ET K-TT ET K
2
-3 EA TE KFM K+2 TE KFM K=T KFM K+2 D KFM K
-2 D K=2 TT K+TE KFM ET-T KFM ET+D KFM ET+2 TV ET
+TE KFM=2 EA TE KFM+D KFM
CP =-2 TE KFM ET K+T KFM ET K=2 D KFM ET K+2 D ET K+2 TT ET K
1
-TE KFM K+3 EA TE KFM K=-D KFM K+D K
+TT K-TE KFM ET=D KFM ET-TV ET+EA TE KFM
CP = TE KFM ET K+D KFM ET K=D ET K=TT ET K-EA TE KFM K
0

Table Bl Coefficients of the Closed Loop System Poles and Zeros with the Engine
Modeled as a First Order Lag

51



CZ =-D KFM-TE KFM+T KFM

2
CZ = D KFM+TE KFM
)
cz =0
0
cp =TV
3
CP =-2 TV-D KFM=K D KFM=TE KFM=K TE KFM+T K KFM+T KFM+K D+K TT
2
CP = TV+D KFM+2 K D KFM+TE KFM+2 K TE KFM-T K KFM-2 K D-2 K TT
1
CP ==K D KFM=K TE KFM+K D+K TT
0

Table B2 Coefficients of the Closed Loop System Poles and Zeros with the
Engine Modeled as a Pure Time Delay
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STEP( 1.00, 1,00) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.54, 0.00) (-0.01, 0.03) (-0.0{,-0.03) ( 0,03, 0,00}
IK\ |
/\ I
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/ \\ UNIT |
|
// \ /\ IMPULSE RESPONSE CIRCLE i
/ / N\ h\\[ i
- / \ 7 S - *
\\ / v’ r
A / SAMPLE INSTANTS
/ \ \v/ /\
\ ~o
1.0 5 ~— =
v
,l STEP| RESPONSE
/ \
/=
TAUROD 0.65, LAG 0,35, THROTLAG 0.08, TAUENG 0,08, DELAY 0.27, KFM 1,00
Syvstem Response at Sample Instants
— — — System Response Between Sample Instants

Fig. Bl Performance and roots for pole-zero cancellation.



APPENDIX C

CONDITIONS FOR BIT-BY-BIT SIMULATIONS

These notes are based on the routines of revision 167 of the LGC program
LUMINARY, The LGC instructions are defined by Ref, 6,

Conditions for All Bit-By-Bit Simulation Step Responses

i,

Conditions for

Radar noise was eliminated by altering the LGC SERVICER routine
such that the state vector updated by the Average G equations was -
never replaced by the state vector further updated by the radar,

The step change in the altitude rate command is 2 fps,

In the two HI KFM cases fuel slosh was not simulated in order to
avoid numerical problems in the slosh simulation, In all but the
two HI KFM cases, fuel slosh was simulated,

At READACCS time(the time at which the accelerometers are read
in the SERVICER routine) preceding the step input, the environment
mass was 7851, 863 KG.

The Minimally Modified Bit-by-Bit Simulation Step Responses

ik

At READACCS time preceding the step input the LGC mass was
7781.095 KG, 0, 9% lower than the environment mass,

The inverse sensitivity of the engine was , 079796 bits per newton
(GSOP value Ref, 4) in the environment and in the LGC, except in
the LO KFMcases where the environment inverse sensitivity was
divided by the indicated KFM,

With the above parameters, the time required to output the throttle
bits was sufficient to cause the bit-by-bit results to differ consid-
erably from the Z transform results in several cases, This is
especially noticeable in the LO TAUROD case Fig, 15 and in the
HI KFM case Fig, 26, The following table illustrates the equiva-
lent system time delay due to outputting throttle bits on the first
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and second passes for some typical cases, The equivalent system
delay is half the time required to output the throttle bits at
3200 bits/second,

1 1 |
| | I Equivalent System
CASE : PASS | BITS ; Delay (ms)
_______________ R i
1) 1 |
1 1 ]
1
NOMINAL E First | 243 : 38
: Second | -153 - 24
| 1 |
LO TAUROD First ! 685 - 107
: Second 1 -1157 | 181
1 1 |
HI KFM : First | 243 ! 38
1
Second ! -551 ! 86
4, In the LO (negative) THROTLAG case, it was necessary to modify

the LGC throttle routine's calculation of FWEIGHT, The LGC pro-
gram subtracts the time of the P66 accelerometer reading from
the current clock reading, adds THROTLAG, and then takes the
absolute value, (Taking the absolute value corrects for a change
in the high order clock word, only the low order clock readings are
used, ) This order of computations produces a positive result even
when THROTLAG is sufficiently negative so that the result should
be negative, To produce the correct result, the order of LGC
computations was interchanged by taking the absolute value of the
clock difference first and then adding THROTLAG.

Conditions for the Bit-by-Bit Simulations Modified to Adherer to the Conditions of

the Z Transform Analysis

1.

At READACCS time preceding the step input the LGC mass was set

identical to the environment mass,

The inverse sensitivity of the engine was ., 0079796 bits per newton
(1/10 of GSOP value) in the environment and in the LGC, except
in the LO KFM and HI KFM cases where the environment sensitiv-
ity was divided by the indicated KF M,
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With the above parameters, the time required to output the throttle bits

was considerably reduced compared to the minimally modified runs so that
the bit-by-bit simulation results adhere much more closely to the Z trans-
form analysis results, The following table illustrates the equivalent system
time delay due to outputting throttle bits on the first and second passes

for typical cases,

Equivalent System

1 1 1
1 1 1
CASE : PASS X BITS X Delay
"""""""
NOMINAL I First | 24 ' 3.750
|
: Second - -15 : 2,344
1 1 1
LO TAUROD !  First 69 , 10, 781
: Second . -130 ' 20,312
1
1 ]
HI KFM | First : 24 ! 3,750
! Second -57 8. 906
] 1 1

Several corrections to the computation of FWEIGHT in the throttle program

were made in all cases in this group. These corrections were:

A, As in item 4 of the previous group of cases, we interchanged the
order of taking the absolute value of the clock difference and adding
THROTLAG.

B. In the computation of the first two terms of FWEIGHT, the single pre-
cision DOUBLE was changed to the double precision DDOUBL to
correct a mistake in the LGC coding which produces a significant error
only in these cases of unrealistically high engine sensitivity, The maximum
error is 294 newtons in the HI KFM case, 12,5 newtons in the LO KFM
case, and 125 newtons in the other cases of this group,

(68 In the computation of the final term of FWEIGHT, the order of multiply

and divide was reversed to preserve significance in the results, With

these corrections, the FWEIGHT computation (inthelanguage defined by
Ref, 6) reads:

CAF 2SECS
TS Q
EXTEND

MP BIT6
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ILXCH

CS

AD
MASK
AD

ZL
EXTEND
DV
EXTEND
MP
DDOUBL
DXCH
CCS

AD

TCF

AD

ZL
EXTEND
DV
EXTEND
MP

DAS

BUF +1
BUF

TIME1
LOWS
THROTLAG

Q

PIF

FWEIGHT
PIF

ONE

+2

ONE

BUF +1

PIF
FWEIGHT
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APPENDIX D

ANALYSIS OF FASTER SYSTEMS

There have been suggestions to increase the speed of the ROD guidance
channel, However, studies for TAUROD = 1, 2 and 1, 0 indicate that such schemes
are not desirable since improvements in response time cause a reduction in
stability margins, The results of these studies are presented in tables D1 and D2
and in Figs. D1 - D20 in the same formats as those used in Table 1 and Figs, 9 -
14,
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CASE
040 STEP( 0.54, O.46) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0,00, 0.00) POLES(-1.32, 0.00) ( 0.64, 0.00) ( 0.00, 0.00) ( 0,00,-0,00)
mm 0% STEP( 0.54, 0.58) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-1.07, 0.00! ( 0.60, 0.00) ( 0.00. 0.01) ( 0.00, -0,01) um
032 STEP( 0.54, 0.70) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.79, 0.00) ( 0.53, 0.00) ( 0.00, 0.01) ¢ 0.00,-0.01)
024 STEP( 0.54, 0.93) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.12, 0.00) { 0.04, 0.04) ( 0,04, -0.04) (-0,03, 0.00)
016 STEP( 0.54, 1.16) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.30, 0.59 ( 0.30,-0.59) (-0.00, 0.00) ¢ 0.00, 0.00)
008 STEP( 0.54, 1.39) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.51, 0.77) ( 0.51,-0.77) (-0.00, 0.00) ( 0,00, 0.00)
®m 006 STEP( 0.54, 1.45) ZEROS(-0.54, 0.00! (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.57, 0.80! ( 0.57,-0.80) (-0.00, 0.00) ( 0.00, 0,00) =
000 STEP( 0.54, 1.62) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.73, 0.87) ¢ 0.73,-0.87) (-0.00. 0.00) ( 0,00, 0.00)

1.0 UNIT

IMPULSE RESPONSE CIRCLE
10
STEP RESPONSE

000 TAUROD 1.20. LAG -1.20, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
006 TAUROD 1.20. LAG -0.81, THROTLAG 0.08, TAUENG 0,08, DELAY 0.27, KFM 1.00
008 TAUROD 1.20. LAG -0.69, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
016 TAUROD 1.20. LAG -0.17, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
024 TAUROD 1.20. LAG 0.34, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
032 TAUROD 1.20. LAG 0.86, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
036 TAUROD 1.20. LAG 1.11, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
040 TAUROD 1.20, LAG 1.37, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
CASE

Fig. D1 Performance and roots vs LAG for TAUROD = 1. 2.
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CASE
0) POLES(-1.12, 0.00) ( 0.46, 0.33) ( 0.46,-0.33) ( 0.00, 0.00)

040 STEP( 0.54, 0.73) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.0
mm 038 STEP( 0.54, 0.75) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0,00) POLES(-1.04, 0.00) ( 0.45, 0.32) ( 0.45,-0.32) ( 0.00, 0.00) =m
032 STEP( 0.54, 0.84) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.74, 0.00) ( 0.37, 0.29) ( 0.37,-0.29) ( 0.00, 0.00)
025 STEPC 0.54, 0.93) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.26, 0.00) (-0.04, 0.20) (-0.04,-0.20) (-0.00, 0.00)
0249 STEP( 0.54, 0.94) ZERO®-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.06, 0.33) (-0.06,-0.33) ( 0.32, 0.00) (-0.00, 0,00)
016 STEP( 0.5+, 1.05) ZEROS(-0.54. 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.03, 0.71) (-0.03,-0.71) ( 0.17, 0.00) (-0.00, 0.00)
008 STEP( 0.5+, 1.16) ZEROS(-0.5+, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.04, 0.91) ( 0.04,-0.91) ( 0.52, 0.00) (-0.00, 0.00)

m 00+ STEP( 0.54, 1.21) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.08, 0.9%) ( 0.08,-0.9%) ( 0.54, 0.00) (-0.00, Q.00) ®
000 STEP( 0.5+, 1.27) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.12, 1.06) { 0.12,-1.06) ( 0.56, 0.00) (-0_00, Q.00)
— -+ ——————+ 4

« ¢ e ‘eaaag,
T

1.0
IMPULSE RESPONSE

aeetttt e e
ool

STEP RESPONSE

+ + + + + + + ~+—+ + + +———+ Y
000 TAUROD 1.20, LAG 0.35, THROTLAG -0.41, TAUENG 0.08, DELAY 0.27, KFM 1,00
004 TAUROD 1.20, LAG 0.35, THROTLAG -0.33, TAUENG 0.08, DELAY 0.27, KFM 1.00
008 TAUROD 1.20, LAG 0.35, THROTLAG -0.26, TAUENG 0.08, DELAY 0,27, KFM 1.00
016 TAUROD 1.20, LAG 0.35, THROTLAG -0.10, TAUENG 0.08, DELAY 0.27, KFM 1.00
024 TAUROD 1.20, LAG 0.35, THROTLAG 0.05, TAUENG 0.08, DELAY 0.27, KFM 1.00
025 TAUROD 1.20, LAG 0.35, THROTLAG ©0.07, TAUENG 0.08, DELAY 0.27, KFM 1.00
032 TAUROD 1.20, LAG 0.35, THROTLAG 0.21, TAUENG 0.08, DELAY 0.27, KFM 1.00
038 TAUROD 1.20, LAG 0.35, THROTLAG 0.32, TAUENG 0.08, DELAY 0.27, KFM 1.00

C?\*SCE) TAUROD 1.20, LAG 0.35, THROTLAG 0.36, TAUENG 0.08, DELAY 0.27, KFM 1.00

Fig. D2 Performance and roots vs THROTLAG for
TAUROD = 1. 2.
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CASE

040 STEP( 0.19, 0.80) ZEROS(-i.84, 0.00) (-0.04, 0.00) ( 0.00, 0.00) POLES( O.58, 0.87) ( 0.58,-0.87) ( 0.54, 0.00) (-0.29, 0.00)

nm 032

008 STEP( 0. 46,

003 STEP( 0.55,

STEP( 0. 22,
024 STEP( 0.27,
016 STEP( 0. 34,

0.88 ZEROS(-1.70, 0.00) (-0.03,
0.96) ZEROS(~1.52, 0.00) (-0.03,
1.02) ZEROS(~1.23, 0.00) (-0.02,
1.01) ZEROS(-0.81, 0.00) (-0.00,
0.91) ZEROS(-0.51, 0.00) (-0.00,

000 STEP( 0.61, 0.83 ZEROSK(~0.37, 0.00) ( 0.00,

(

(
4 4 —t " -t o il
+ + t t + + =5

0.00) ( 0.00,

0.00) ( 0.00,
0.00) ( 0.00,
0.00) ¢ O.
0.00) 0.00,

0.00) ( 0.00,
=NE

0.00) POLES( O.49, 0.88 ( 0.49,-0.88 ( 0.52, 0.00) (-0.26, 0.00) m=m
0.00) POLES( 0,37, O.86) ( 0.37,-0,.86) ( 0.50,
0.00) POLES( 0.21, 0.80) ( 0.21,-0.80) ( O. 46,
00, 0.00) POLES( 0.02, 0.59) ( 0.02,-0.59 ( 0.39,
0.00) POLES(-0.24, 0.00) ( 0.19, 0.14) ( 0,19
0.00) POLES(-0.66, 0.00) ( 0.33, 0.22) ( 0.33

-3 b 4 .
\

0.00) (-0.21, 0.00)
0.00) (-0.13, 0.00)
0.00) (-0,03, 0.00)

.=0.14) ( 0,00, 0.00}
.=0.22) ( 0.00, 0.00?

+ 4
+ T

- -y —

UNIT
1.0 = == CIRCLE
IMPULSE RESPONSE
1.0 — T N
v \J
STEP RESPONSE
000 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.00, DELAY
003 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.07, DELAY
008 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.19, DELAY
016 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.37, DELAY
024 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.56, DELAY
032 TAUROD 1.20, LAG 0.35, THROTLAG ©0.08, TAUENG 0.74, DELAY
040 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.93, DELAY
CASE

Fig. D3 Performance and roots vs TAUENG for TAUROD = 1, 2.
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CASE

040

STEP( 0.02, 0.82) ZEROS(B1.11, 0.00) (-0.03, 0.00) ( 0.00,
032 STEP( 0.16,

0.92) ZEROS(-4.33, 0.00) (-0.00, 0.00) ( 0.00,

0.00) POLES( 0. 40,
0.00) POLES( 0. 28,

0.64) ( 0.40,-0.64) (-0.35, 0.00) ( 0,19, 0,00
0.56) ( 0.28,-0.56) (-0.11, 0.00) ( 0.09, 0,00

024 STEP( 0.31, 0.96) ZEROS(-1.71, 0,00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.20, O.44) ( 0.20,-0.44) (-0.04, 0.00) ( 0,04, 0.00)
016 STEP( O.46, 0.95) ZEROS(-0.81, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.12, 0.26) ( 0.12,-0.26) (-0.02, 0.00) ( 0,02, 0.00)
012 STEP( 0.54, 0.93) ZEROS(-0.55, 0.00) (-0.00, 0.00) ¢ 0.00, 0.00) POLES( O.14, 0.00) ¢ 0.03, 0.04) ( 0.03,-0.04) (0,03, 0,00)
008 STEP( 0.61, 0.89) ZEROS(-0.36, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.32, 0.00) (-0.22, 0.00) ( 0.00, 0.01) ( 0,00, -0.01)
000 STEP( 0.77, 0.79) ZEROS(-0.09, 0.00) ( 0.00, 0.00) ( 0.00, 0.00) POLES(-0.50, 0.00) ( 0.45, 0.00) ( 0.00, 0.00) ( 0.00, -0, 00!
et + ——— 4 —
UNIT
|
0 CIRCLE
IMPULSE RESPONSE
ey S DreerB

===

STEP RESPONSE

000 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY
008 TAUROD 1.20, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY
012 TAUROD 20, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY
016 TAUROD 20, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY

024 TAUROD
032 TAUROD
040 TAUROD

LAG 0.35, THROTLAG
LAG 0.35, THROTLAG
LAG 0.35, THROTLAG

S S

e
NN

)
2

0.08, TAUENG
0.08, TAUENG
0.08, TAUENG

0.08, DELAY
0.08, DELAY
0.08, DELAY

Fig. D4 Performance and roots vs DELAY for TAUROD = 1. 2.
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CASE
040 STEP( 1,30, -0.30) ZEROS(-0.54, 0.00) (40.00, 0.00 0.00, O. O)\ POLES(-1] 61, 00) (-0.721, 0.00) ( 0.55, 0.00) (-0.00, O,00
mm 036 STEP( 1.18, 0.10) ZEROS(-0.54, 0.00) ( 00, 0.00 0.00, O. O"-,‘OLES(-I 1 00) (-0.85, 0.00) ( 0.54, 0.00) (-0.00, 0.00) m=m
032 STEP( 1,05, 0.43) ZEROS(-0.54, 0.00) (+p.00, 0.0 0.00, O. ;| POLES(-Q. 32) (-0.83,-0.32) ( 0.53, 0.00) (-0,00, 0,00)
024 STEP( 0.80, O.84) ZEROS(-0.54, 0.00) ({+9.00, 0.00) (| O. 0.p0) |POLES(-C. 44) (-0.49,-0.44) ( 0.49, 0.00) (-0,00, 0.00)
016 STEP( 0.55, 0.93) ZEROS(-0.54, 0.00) (9¢.00, 0.0 (| o. 0./00) |POLESC Q. 00) (-0.06, 0.1?) (-0.06, -0.17) (-0,00, 0,00)
008 STEP( 0,30, 0.70) ZEROS(-0;54, 0.00) (-Q.00, 0.0 (|O. 0.]00) |POLES( Q. 40) ( 0.58,-0.40) (-0.39, 0.00) ( 0.00, 0.00)
000 STEP( 0.05, 0.16) ZEROS(-(AS‘!, 0.00) (-G.00, 0.0Q) (|O. . 0 OR) POLES( . 23) ( 0.93,-0.23%) (-0.45, 0.00) ( 0,00, 0.00)
UNIT
A CIRCLE
|.0 A / , vYTVVY,
MPULSE RESRONSE Lt
‘\ U v
-‘ ‘,' " 3 "v
I.O AAAAd
STIEP RESPDNS
— - . . L
T + + —t 1
000 TAUROD 1.20, LAG\[ 0.35, ROTLA 0.08, |TAPENG | 0.08, DELAY 0.27,
008 TAUROD 1.20, LAG | O.35, ROTLA 0. 08, EA JENG | 0.08, DELAY O0.27,
016 TAUROD 1.20, LAG ' 0.35, ROTLA 0.08, [TAPENG |0.08, DELAY O0.27,
024 TAUROD 1.20, LAG 0.35, ROTLA 0.08, UENG [ 0.08, DELAY 0.27,
032 TAUROD 1.20, LAG 0.35, ROTLA 0.08, ENG |\0.08, DELAY O0.27,
036 TAUROD 1.20, LAG O.35, ROTLAG||| 0. 08, UENG ||0.08, DELAY 0.27,
040 TAUROD 1.20, LAG 0.35, THROTLAG||O0O.o08, UENG |j0.08, DELAY O0.27,
CASE |

Fig. D5 Performance and roots vs KFM for TAUROD = 1. 2,
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CASE

STEP( 0.65, 0.34) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-1.64, 0.00) ( 0.62, 0.00) ( 0.00, 0.00) ( 0,00,~-0.00)
0.00) ( 0.50, 0.00) ( 0.00, 0O.01 ¢ C.00,

-0.01)

0.10) ( 0.04,-0.10) (-0.04, 0.00) ¢ 0.03, 0.00)

-0.67) (-0.00, 0.00) ( 0.00, 0.00)
-0.86) (-0.00, 0.00) ( 0,00, 0.00)
-0.88) (-0.00, 0.00) ( 0.00, O,00)
-0.97) ( 0.00, 0.00) ( 0.00,

-0, 00)

040
mm 032 STEP( 0.65, 0.67) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-1.01,
024 STEP( 0.65, 1,01) ZEROS(-0.54, 0,00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.01,
016 STEP( 0.65, 1.34) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.26, 0.67) ( O.26,
® 009 STEP( 0.65, 1.63) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( O.49, 0.86) ( 0. 49,
008 STEP( 0.65, 1.67) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.52, 0.88) ( 0.52,
000 STEP( 0.65, 2.01) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.77, 0.97) ( 0.77,
L A S
1.0

4

IMPULSE RESPON

y

VV

/

UNIT
CIRCLE

v

'
v

o?

STER_RESPONSE

000 TAUROD 1.00, LAG -1.20, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1,00
008 TAUROD 1.00, LAG -0.69, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
009 TAUROD 1.00, LAG -0.62, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1,00
016 TAUROD 1.00, LAG -0.17, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1,00
024 TAUROD 1.00, LAG 0.34, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1,00
032 TAUROD 1.00, LAG 0.86, THROTLAG 0.08, TAUENG 0,08, DELAY 0.27, KFM 1,00
040 TAUROD 1.00, LAG 1.37, THROTLAG 0.08, TAUENG 0.08, DELAY 0.27, KFM 1.00
CASE

Fig. D6

Performance and roots vs LAG for TAUROD =
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CASE
040 STEP( 0.65, 0.75) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-1.24, 0.00) ( 0.43, 0.35) ( 0.43,-0.35 ( 0.00, 0.00)

mk 036 STEP( 0.65, 0.82) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0,00, 0.00) POLES(-1.05, 0.00) ( 0.39, 0.33) ( 0.39,-0.33) ( 0.00, 0.00) =m
032 STEP( 0.65, 0.89) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.83, 0.00) ( 0.33, 0.31) ( 0.33,-0.31) ( 0.00, 0.00)
025 STEP( 0.65, 1.01) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.09, 0.23) (-0.09,-0.23) ( 0.20, 0.00) (-0.00, 0.00)
024 STEP( 0.65, 1.02) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.12, 0.135) (-0.12,-0.35) ( 0.27, 0.00) (-0.00, 0.00)
016 STEP( 0,65, 1.16) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.09, 0.?5) (-0.09,-0.75) ( 0.43, 0.00) (-0.00, 0.00)
008 STEP( 0.65, 1.29) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.02, 0.96) (-0.02,-0.96) ( 0.49, 0.00) (-0.00, 0.00)

m 007 STEP( 0.65, 1.31) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.01, 0.98) (-0.01,-0.98) ( 0.50, 0.00) (-0,00, 0.00) =
000 STEP( 0.65, 1.43) ZEROS(-0.54, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.07, 1.12) ( 0.07,-1.12) ( 0.53,,0.00) (-0.00, 0.00)

+ + e L 3 3 3 3 3 3 e 3 = "
g 3 T T =y T T T T T -+ + AJ T T

« Ceeaag,,
-

IMPULSE RESPONSE

-

PR AR
<

STEP RESPONSE

3 " : " 3 - I 3 " 3 : 4 n "
~ -~ ~r -~ 2 = = v - v - v na ~r v

000 TAUROD 1.00, LAG 0.35, THROTLAG -0.41, TAUENG 0.08, DELAY
007 TAUROD 1.00, LAG 0.35, THROTLAG -0.28, TAUENG 0.08, DELAY
008 TAUROD 1.00, LAG 0.35, THROTLAG -0.26, TAUENG 0.08, DELAY
016 TAUROD 1.00, LAG 0.35, THROTLAG -0.10, TAUENG 0.08, DELAY
024 TAUROD 1.00, LAG 0.35, THROTLAG 0.05, TAUENG 0.08, DELAY
025 TAUROD 1.00, LAG 0.35, THROTLAG 0.07, TAUENG 0.08, DELAY
032 TAUROD 1.00, LAG 0.35, THROTLAG 0.21, TAUENG 0.08, DELAY
036 TAUROD 1.00, LAG 0.35, THROTLAG 0.28, TAUENG 0.08, DELAY

040 TAUROD 1.00, LAG 0.35, THROTLAG 0.36, TAUENG 0.08, DELAY
CASE y

27, KFM 1.00
27, KFM 1.00
.27, KFM 1.00
27, KFM 1.00
KFM 1.00
.27, KFM 1,00
272, KFM 1.00
.27, KFM 1.00
.27, KFM 1.00

©00OooPooo0
N
.\l

Fig. D7 Performance and roots vs THROTLAG for TAUROD = 1.0.
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CASE

040 STEP( 0.22, 0.94) ZEROS(-1.84, 0.00) (-0.04,
1.03) ZEROS(-1.70, 0.00) (-0.03,
1.10) ZEROS(-1.57, 0.00) (-0.03,
1.12) ZEROS(-1.52, 0.00) (-0,03,
1.18) ZEROS(-1.23, 0.00) (-0.02,
1.13) ZEROS(-0. 81,
003 STEP( 0.66, O.98) ZEROS(-0.51,
000 STEP( 0.73, 0.86) ZEROS(-0.3?, 0.00) ( 0.00,

032 STEP( 0. 26,
mm 026 STEP( 0.31,
024 STEP( 0,32,
016 STEP 0.1,
008 STEP( 0.55,

0.00) (-0.00,
0.00) (-0.00,

3

0.00) ( 0.00, 0.00) POLES( .56,
0.00) ( 0.00, 0.00) POLES( O. 47
0.00) ( 0.00, 0.00) POLES( O.38
0.00) ( 0,00, 0.00) POLES( O.34
0.00) ¢ 0.00, 0.00) POLES( 0.17
0.00) ( 0.00, 0.00) POLES(-0.03
0.00) ( 0.00, 0.00) POLES(-O. 30
0.00) ( 0.00, 0.00) POLES(-0. 726,
4ot ————+

©po99%P8000
e

.56,-0.92) ( 0.52, 0.00) (~0.30, 0.00)
.47,-0.93) ( 0.49, 0.00) (-0.26, 0.00)
.38,-0.93) ( 0.47, 0.00) (-0.23, 0.00) wm
.34,-0.92) ¢ 0.4?, 0.00) (-0.21, 0,00)

.03,-0.63) ( 0.34, 0.00) (~0.03, 0.00)
.14, 0.16) ( 0.14,-0.16) ( 0.00, 0.00)
.29, 0.24) ( 0.29,-0.24) ( 0.00, 0.00)

b
T

4 Y
T 2 4

oY
+

4
T

T

STEP RESPONSE

000
003
008
016
024
026
032

040
CASE

: "
- g

TAUROD
TAUROD
TAUROD
TAUROD
TAUROD
TAUROD
TAUROD
TAUROD

Fig. D8 Performance and roots vs TAUENG for TAUROD = 1. 0.
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CASE

040 STEP( 0.03, 0.99) ZEROS(@BI. 11,
032 STEP( 0.19, 1.08) ZEROS(-4. 33,

024 STEP( 0.37, 1.10) ZEROS(-1.71,

016 STEP( 0.55, 1.05) ZEROS(-0.81,

.0

00) (-0.03, 0.00) ( 0,00, 0.00) POLES( 0.37, 0.72) ( 0.37,-0.72) (-0.13%,
0) (-0.00, 0.00) ( 0.00, 0.00) POLES( O.24%, 0.64) ( 0,24,-0.64) (-0.10, 0.00) ( 0,08, 0,00)
.00) (-0,00, 0.00) ( 0,00, 0.00) POLES( O.14, 0.51) ( 0.14,-0,.51) (-0.04, 0.00) ( 0.04, 0.00)

.00) (-0.00, 0.00) ¢ 0.00, 0.00) POLES( 0.05, 0.31) ( 0.05,-0.31 (-0.02, 0.00) ( 0,02, 0,000

0.00) ( 0.18, 0.00)

o
(o]
012 STEP( 0.64, 1.00) ZEROS(-0.55, 0.00) (-0.00, 0.00) ( 0.00, 0.00) POLES( 0.01, 0.09 ( 0.01,-0.09) (-0.04, 0.00) ( 0.04, 0.00)
o
o

008 STEP( 0.74, 0.94) ZEROS(-0. 36,
000 STEP( 0.92, 0.75) ZEROS&(-0.09,

.00) (-0.00, 0.00) ( 0.00, 0.00) POLES(-0.34, 0.00) ( 0.25, 0.00) ( 0.00, 0.01) ( 0,00, -0.01)
.00) ( 0.00, 0.00) ( 0.00, 0.00) POLES(-0.67, 0.00) ( 0.40, 0.00) ( 0.00, 0.00) ( 0.00, -0.00)
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1.0

UNIT
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IMPULSE RESPONSE

e 4

" r i e ry
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000 TAUROD 1.00, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY
008 TAUROD 1.00, LAG 0.35, THROTLAG 0.08, TAUENG 0,08, DELAY
012 TAUROD 1.00, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY
016 TAUROD 1.00, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY
024 TAUROD 1.00, LAG 0.35, THROTLAG 0.08, TAUENG 0,08, DELAY
032 TAUROD 1.00, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY
040 TAUROD 1.00, LAG 0.35, THROTLAG 0.08, TAUENG 0.08, DELAY

CASE -

Fig. D9 Performance and roots vs DELAY for TAUROD = 1. 0.
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CASE

040 STEP( 1.56,-0.94) ZEROS-0.54, 0.00) (-p.00, 0.00) q 0.00, 0.90|POLES(-2{01,| 0.00)
mm 032 STEP( 1.26, 0.13) ZEROS(-0.5+4, 0.00) ; .00, 0.00} { 0.00. 0.poy PoLES(-1|14.| 0.00)
024 STEP( 0.%, 0.7?) ZEROS(-0.54, 0.00) ({p.00, 0.00) 4 0.00, 0.p0)|POLES(-d.5p.] 0.39 (
016 STEP( 0.66, 1.00) ZEROS(-0.54, 0.00) ((-p.00, 0.0 q 0.00, 0.jo0)| POLES(-q. .| 0.1 ¢
008 STEP( 0.%, O.80) ZEROS(-0.54, 0.00) (}4.00. 0.00) ¢|0.00. 0.po) |PoLESt d. 9%.| 0.4 ¢
000 STEP( 0.06, 0.19) ZERO®(-0)5+, 0.00) (-q.00, 0.0ch (|0.00, 0.joo |PoLESK d.91.| 0.2 «
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\E EP RESADN SE /
N y T e o SRS e
000 TAUROD 1.00, LAGY 0.35, THROTLAGQ (0.08, |TAUENG | 0.08, DELAY 0.27, KFM 0.10
008 TAUROD 1.00, LAG | O.35, ROTLAG| |O. 08, LTA UENG | 0.08, DELAY 0.27, KFM 0.56
016 TAUROD 1.00, LAG 0.35, ROTLAG]|| 0. 08, UENG §0.08, DELAY 0.27, KFM 1,02
024 TAUROD 1.00, LAG 0.35, ROTLAG{\/| O. 08, UENG ||O0.08, DELAY 0.27, KFM 1,48
032 TAUROD 1.00, LAG 0.35, ROTLAG||| O. 08, UENG |l0.08, DELAY 0.27, KFM 1.94
040 TAUROD 1.00, LAG 0.35, THROTLAG| | O.0s8, UENG F 08, DELAY 0.27, KFM .2.40
CASE i
Fig. D10 Performance and roots,vs KFMifor TAUROD = 1.0.
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