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ILIEMO: Infomial 
Subject: Analysis of NLR Configurations Using OCM for Pilot Modeling 
From: M.H. Dcijeske 
To: D.K. Schmidt 

INTRODUCTION 

The purpose of this memo is to present a summary of the results obtained from an ana- 
lytic handling qualities analysis of the rate-commandattitude-hold aircraft configurations 
originally presented in an NLR report by Mooij[’]. Pilodvehicle performance is 
evaluated using an optimal control technique for pilot modeling. Numerical and graphi- 
cal results for a closed-loop frequency-domain analysis are presented and discussed and 
comparisons with experimental results are made. Finally, the results from this study are 
compared with those from another study that dealt with similar configurationsi2]. 

NLR CONFIGURATIONS 

The aircraft configurations studied by Mooij were variations of a medium-weight, twin- 
engine jet transport (a modified Foker F28W6000) with a rate-commandattitude-hold 
control system for both pitch and roll. Two aircraft and a total of 12 configurations were 
studied. The theta-to-stick and gamma-to-stick transfer functions for the 12 
configurations are presented in Appendix I. As shown in Table 1, the 12 configurations 
constitute three groups: E,F and G. Further details concerning the aircraft configurations 
and control system implementation are contained in Chapter 7 of [ 13. 
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CRITICAL TASK MODELING 
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Two separate tasks were modeled in this analysis: (1) The precise control of attitude (i.e., 
attitude tracking) and (2) The precise control of flight path (i.e., flight-path tracking). The 
modeling of the attitude and flight-path tracking tasks are discussed in detail in [3] and 
[4] respectively. The multi-loop nature of the flight-path tracking task is reflected by the 
block diagram in Fig.1. The describing functions Pu,,Pu and P, in Fig.1 are estimated via 
the OCM. Using block diagram manipulation, one may reduce Fig.1 to Fig.2 and obtain 
the equivalent single-loop pilot describing function, Peq. 

Figure 1 : Flight-Path Tracking Task 

Figure 2 : Equivalent Flight-Path Tracking Task 
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Similarly, the nature of the precision attitude tracking task is reflected by the block 
diagram in Fig.3. In this case, Pee and Po may be combined in order to find a single-loop 
equivalent pilot function as shown in Fig.4. The equations for the above manipulations 
are presented in Appendix II. I 

Figure 3 : Attitude Tracking Task 

Figure 4 : Equivalent Attitude Tracking Task 

PILOT MODELING USING AN OCM 

The pilot-related parameters used in the OCM for the flight-path and the attitude tracking 
tasks are presented in Tables 2 and 4 respectively. The values selected for z,the pilot’s 
observation delay, and TN, the pilot’s neuromuscular lag time constant, were chosen to 
represent the human operator in his most aggressive mode. This is done in order to 
expose handling qualities digs in the various configurations by modeling the pilot’s most 
aggressive control techniquesi4]. The rationale behind the selection of the other parame- 
ters is discussed in [3] and [4]. Sample input files for the local implementation of the 
OCM code (PIREP) are presented in Appendix m. 
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RESULTS 

Presented in Appendix V are the graphical results of the frequency domain analysis of 
the flight-path and attitude tracking tasks. Included are representations of the pilot func- 
tions Pye,Pee,Py and Po as well as the equivalent single-loop pilot function P,. Open-loop 
and closed-loop Bode plots for all 12 configurations are also presented. Quantities such 
as crossover frequency, therefore, can be determined directly from these plots. 

A number of key quantities (ref. fig.2 and 4) for both the flight-path and attitude tracking 
tasks are summarized in tables 3 and 5 respectively. The following definitions are used: 

5NS 

TOTAL 
COST 

crossover frequency - the frequency at which the magnitude of the open- 
loop pilot/vehicle system equals 0 dE3 

phase angle of the equivalent pilot function P, at the crossover frequency 

phase angle of PW at lower frequencies 

bandwidth - the frequency at which the closed-loop pilothehicle response 
has phase = -90 deg 

pilot phase compensation for the attitude tracking task adjusted to be com- 
parable to a quantity discussed by Neal-Smith 
5NS = $Peg I Bw + 57.3 z Bw + tan-'(TN Bw) 

maximum magnitude of the closed-loop pilotjvehicle response for the atti- 
tude tracking task 

predicted rms gamma error 

predicted rms theta error 

predicted rms stick rate 

value of OCM objective function 
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Value 

Config. 

~~ 

Observation Vector 

Objective Function 
Weights 

Observation Thresholds 

E- 1 
E-2 
E-3 
E-4 
E-5 

F-3 
F-2 
F- 1 

G- 1 
e - 2  
G-3 
G-4 

I 

7; = [ye i e  9 y 9 i 9 e 9 61 
qi = 1 9 0 0 0 9 0 01 
rF, = 0 , gi, to yield TN 

TYe , Tu,  To = 0.05 deg 
Tie,  Ti ,  Tb = 0.18 deglsec 
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Observation Noise 
Ratio 

T;lble 2 : Pilot Model Parameters 

-20 dB All 
Observed Variables 

Command Signal 
(n=white noise) 

0Jn = .25/(s2 + .5s + .25) 
yc/ec = S / ( s  + .5)  

Fractional 
Attention 

fi = 0.3333 All 
Observed Variables 

Observation Delay z=O.2 sec 

Neuromuscular Lag zNz0.2 sec 

Motor Noise Variance 

Control Input I F, (Stick Force in lbs.) 

Table 3 : Performance Measures for Flight-Path Tracking Task 

8.00/ - 
5.17/5.67 
4.00/ - 
3.00/ - 
2.33/3.67 

3.33/ - 
4.331 - 
6.3 3f7.67 

5.67/6.00 
4.171 - 
4.00/5.3 3 
3.001 - 

0, 

(radsec) 

1.800 
1.819 
1.858 
1.892 
1.922 

1.967 
1.97 1 
2.077 

1.935 
2.342 
2.348 
2.344 

57.19 
55.63 
53.31 
46.66 
40.09 

, 36.06 
36.12 
23.69 

38.09 
-53.24 
-59.7 1 
-6 1.07 

61.20 
58.43 
55.16 
54.07 
53.72 

50.07 
50.02 
29.86 

52.88 
48.62 
45.53 
43.20 

.4843 

.4743 

.4562 

.4414 

.4287 

.4099 

.408 1 

.3740 

.3897 

.3410 

.3455 

.3502 

Total Cost 

21.77 
19.07 
15.18 
13.29 
12.17 

9.43 
5.7 1 
3.37 

15.17 
7.85 
5.02 
3.84 

.3544 

.3399 

.3140 

.2933 

.2764 

.2528 

.2506 
2094 

.2384 

.17 19 

.1707 

.1740 
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Value 

7; = [e, 9 e , ,  0 9 e1 

Table 4 : Pilot Model Parameters 

Objective Function 
Weights 

I 
I 
I 

~~ 

S i = [  1 , O , O , O ]  
rF, = 0 , gk, to yield 2, 

I 
I 

Observation Thresholds Tee, TO = 0.05 deg 
Tie , Ti, = 0.18 deg/sec 

E-5 

F-3 I 

Observation Noise 
Ratio 

G- 1 
G-2 

-20 dB All 
Observed Variables 

Fractional 
Attention 

f; = 0.5 All 
Observed Variables 

Observation DeIay 

Neuromuscular Lag 

z=O.2 sec 

~ N z 0 . 2  sec 

0% OF, Total Cost 

Motor Noise Variance I -25 dB 

(deg) 
1.186 
1.179 
1.163 
1.146 
1.132 

1.107 
1.076 
1.07 1 

1.143 
1.141 
1.139 
1.137 

Control Input F, (Stick Force in lbs.) 

(n=white noise) 

(lbs/sec) 

15.83 
13.85 
11.08 
9.68 
8.92 

7 .OO 
4.7 1 
2.42 

8.93 
8.86 
8.80 
8.73 

Table 5 : Performance Measures for Attitude Tracking Task 

IF  E-2 
1.737 
1.747 
1.774 
1.804 
1.829 

1.872 
1.928 
1.939 

1.810 
1.814 
1.817 
1.821 

26.21 69.04 4.155 
24.86 68.22 4.188 
21.13 66.05 4.265 
16.29 62.99 4.320 
11.54 59.82 4.354 

6.03 55.98 4.39 1 
0.64 52.79 4.480 

-4.30 48.90 4.465 

12.63 60.40 4.335 
12.18 59.99 4.335 
11.57 59.54 4.335 
11.09 59.15 4.335 

1.832 
1.806 
1.751 
1.697 
1.654 

1.578 
1.488 
1.478 

1.687 
1.681 
1.674 
1.668 
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DISCUSSION 

Using the data presented, one should be able to address the following questions: 

1. Are there correlations between model-based performance measures and experimental 
pilot ratings, and if so, are these correlations comparable to the results presented in [3] 
and [4]. 

2. Do the results of the attitude-tracking task offer any additional insight beyond that 
gained via the flight-path tracking task results. 

3. How do the results for the NLR configurations compare with the results for the TIFS 
configurations as presented in [2]. 

When analyzing the model-based performance memcs for the flight-path tracking task, a 
number of trends were expected. Anderson and Schmidti4] have shown previously that in 
the flared landing task, a strong correlation exists between pilot rating and achievable 
bandwidth (or crossover frequency), required pilot phase compensation, rms gamma 
error, and total cost. Comparing these quantities for the E configuration set in Figs.5-8, 
we note that there is strong correlation between experimental and model-based perfor- 
mance memcs within this subset of the configurations. 

Pilot workload (and thereby pilot rating) has been shown to correlate with the pilot phase 
compensation required. Pilot phase compensation here refers to the phase angle of the 
equivalent single-loop pilot function, P,,, at crossover. In Fig.6 we see that there is a 
consistent trend for configurations E-1 to E-5. Configuration E-5 has the best pilot rating 
(CH 2.33) and the lowest pilot phase required (40 deg). Likewise, configuration E-1 has 
the worst pilot rating (CH 8.0) and the highest pilot phase required (57 deg). 

A model-based measure of pilothehicle performance is the rms gamma-error computed 
by the OCM. Fig.7 shows the correlation between pilot rating and rms gamma-error for 
the E configuration set. In addition, total cost is a model-based measure that has corre- 
lated with pilot rating in previous studies[51. Fig.8 shows the correlation between total 
cost and pilot rating for the E configuration set. 



- 8 -  

8 -  

n 
I 
0 - 6 -  
D 
C - c e 
e 4 -  

n 
0 - - 

2 -  

I 
1 

I 
I 
I 
I 
I 
I 
I. 
1 
I 
I 
1 
I 
I 
I 
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While the model-based measures for the E configuration set correlated well with experi- 
mental pilot rating, such is not the case across all of the configuration sets. It would be 
exceptional if we could find a single model-based performance metric that always corre- 
lated with pilot rating in a predictable manner. However in this case, because of the lack 
of consistent correlations over all configurations studied, we need to take a closer look at 
the configuration dynamics in the attempt to explain the subjective pilot ratings. 

Bode Analysis 

In the attempt to explain the experimental pilot ratings for configuration sets F and G, the 
vehicle-alone dynamics (namely y/F, and €IF,) for configuration sets E,F and G are now 
considered. Vehicle transfer functions are derived and presented in Appendix I. Bode 
plots for y/F, and 8/F, are presented in Figs.9-14. 

For good closed-loop stability margins in a tracking system, the desired shape of the 
open-loop frequency response in the crossover region is well known (i.e. constant slope 
of -20 dB/decade and constant -90 deg phase). Assume that the critical task for a pilot in 
the approach and flared landing task is the precise control of flight-path angle (or sink 
rate). If this is indeed the case, we would expect to find the configurations that have a y/F, 
frequency response more like K/s in the region of crossover to also be rated better by the 
pilots. Note that crossover frequency for all configurations studied is below 2 rad/sec. 
From Figs.l0,12 and 14 we find that the y/F, frequency responses that appear more Kls- 
like in the critical frequency range (0.5-2.0 radsec) invariably correspond to the better 
rated configurations. More specifically, those configurations with (y/F,)-phase tending to 
be more uniformly equal to -90 deg in the critical frequency range also tend to be rated 
better. 

Comparison of NLR and TIFS Analyses 

A pilothehicle analysis of pitch-rate command aircraft configurations in an approach and 
landing task was also conducted by Wendelf2]. In Wendel’s analysis, 26 configurations, 
originally studied using Calspan’s Total Inflight Simulator (TIFS) were evaluated using 
the OCM for pilot modeling. Of those 26 configurations, six had dynamics free of any 
added dynamics due to pre-filters,etc. A quick comparison of results from the two ana- 
lyses is made here in an attempt to find some sort of consistency between studies. 
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Pilot 
Rating 

6.00 
6.83 
5.33 

6.50 
3.75 

2.75 

The 5 pitch-rate comnmnd configurations from Wendel's TIFS study having dynamics 
comparable to the NLR configurations discussed are presented in Table 6. Configuration 
7-1 is also included in this comparison for it represents an aircraft with conventional 
dynamics. The 8/F, and y/F, transfer functions for the 6 configurations presented in 
Table 6 are presented in Appendix N. Model-based metrics for the flight-path tracking 
task are summarized in Table 7. Configuration 7-1, which has the best pilot rating out of 
the 6, has a very small value for required pilot phase compensation (PqIo, = 7 deg). 
Configuration 7-1 also has the largest crossover frequency (0, = 1.90 radsec). Presented 
in Fig.16 are the frequency responses for y/F, for configurations 1-1,2-1 and 7-1. Note 
that the shape of the Bode plots for configurations 1-1 and 2-1 in the region of crossover 
are very similar, as are their respective pilot ratings (CH=6). Configuration 7-1, looking 
much more like K/s in the region of crossover (0.5-2.0 radsec), e m s  a much better pilot 
rating (CH=2.75)! 

Table 6 : TIFS Configuration Sets 

0, 
(radsec) 

1.65 
1.85 
1.80 

1.65 
1.65 

1.90 

Config. 

1-1 2.79 0.8 0.38 
1-2 2.76 0.8 0.72 
1-3 2.73 0.8 1 .oo 

2- 1 1.78 0.6 0.38 
2-2 1.75 0.6 0.72 

7- 1 2.84 0.8 0.72 

SPeq ' 0, Bw 
(deg) (radsec) 

39.2 1.86 
24.0 1.96 
16.2 1.96 

60.0 1.79 
43.8 1.82 

7.0 2.06 

0.93 - - 

- 0.16 0.01 

Table 7 : Performance Measures for Flight-Path Tracking Task for Comparable TIFS Configurations 
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Attitude Tracking Analysis 

Up to this point, very little has been said about the analysis of the attitude tracking task. 
Certainly for an aircraft to have acceptable performance in an outer-loop such as flight- 
path (refer to Fig.l), it must first have good inner-loop, attitude dynamics. This is the 
reason for conducting an attitude tracking analysis - to insure that the configuration under 
study has good attitude dynamics before beginning the flight-path analysis. Another rea- 
son for conducting an OCM analysis of the attitude tracking task might be that attitude 
tracking has been argued by some to be the critical task. 

Yet, as stated earlier, it is hypothesized that the critical task for approach and landing is 
the precise control of flight-path angle. If this hypotheses is true, one should expect to 
find correlation between experimental pilot ratings and model-based memcs from the 
flight-path tracking analysis. Having shown through this study that there is a strong 
correlation between the y/F, frequency response in the region of crossover and experi- 
mental pilot rating offers evidence that precise control of flight-path is indeed the critical 
task. For this reason, it is more sensible to draw conclusions based upon the results from 
the flight-path analysis and not the attitude analysis. 

CONCLUSION 

This informal memo was written in order to summarize the results of an analytic han- 
&ng qualities analysis of the rate-command, attitude-hold aircraft configurations origi- 
nally presented in an NLR report by Mooij. While the discussion contained is rather lim- 
ited in scope, there were a few key ideas that were brought forward: 

1. Model-based performance metrics, such as required pilot phase compensation, appear 
to correlate well with experimentally obtained pilot ratings within a configuration class, 
but not necessarily over all classes. This was true for both the TIFS database as well as 
for the NLR study. 

2. Vehicle configurations that exhibit Ws behavior in the flight-path response, especially 
in the frequency range 0.5-2.0 rad/sec, elicit better pilot ratings in the landing task. 

3. For the approach and landing task, the OCM analysis of the attitude tracking task, 
while a necessary step in the complete analysis procedure, does not seem to offer as 
much insight as the OCM analysis of of the flight-path tracking task. This offers evi- 
dence for the hypotheses that the critical tusk for a pilot in the approach and landing task 
is the precise control of flight-path. 
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G a m r n a / s t i c k  E-1 

0. 9667 IS** 4 ( -0. 1 6 6 O E - 0 1 1  + J( 
1.394 IS** 3 ( -0. 3920 1 + J( 
7. 564 IS * *  2 ( -0. 5168 1 + 3(  
c-. 929 IS** 1 ( -0. 5168 1 + J( 
0. 4652E-01) 

0. 
0. 
0. 

0. 3600 
-0. 3600 

0. 

0.  
0. 

2. 670 
-2.670 

( 1.000 )S**  6 ( -0. 5780E-01) + J( 0. I 
( 11.39 IS** 5 ( -1.100 ) + J( 0. 1 
( 20.12 1399 4 ( -10.00 1 + J( 0. 1 
( 12. 17 IS** 3 ( -0. 3682 1 + J( 0.3600 1 
( 3.555 I S * *  2 ( -0. 3582 1 + J( -0. 3600 
( 0. 1686 IS*+ 1 ( 0. 1 + J( 0. 1 
( 0. 1 
C o n f i g u r a t i a n  E-2 

i, ----------------------------------------------------------- 
Thota/stick E-2 

( 11.00 )S-+* 3 ( -0. 8310E-*S1) + J( 0. f 
( 13. 77 1s+* 2 ( -0. 3620 ) + J( 0. 1 
( 4. bo4 IS*+  1 ( -0.7oco 1 + J( 0. 1 
( o. 2958 ) 

3 ( 0. 1 + J( 
5 ( -0. 6450E-01) + J( 
4 ( - I .  cao 1 + J( 
3 ( -10.90 1 + J( 
c 7 ( -0. 4226 + J( 
1 ( -0. 4224 1 + J( 

0. 
0. 
0. 
0. 

0. 4203 
-0.4z03 

0. 
0. 

2.570 
-2. 670 

( 1. GOO ) S S S  i? ( 0. 1 + J( 0. 1 
( 11.99 IS**  5 ( -0. 645GE-01) + J( 0. 1 
( 21.23 1 3 U - F  4 ( -1. 030 1 + J( 0. 1 
( 14. 37 )Si+++ 3 ( -10.00 1 + J( 0. ) 

( 4. ,577 I s l e *  2 ( -G. 3220 1 + J( G. 42.03 ) 

( 0.2475 )S+U 1 ( -3. 9226 1 + J( -0. 3TO3 1 
( 9 ) ____________--______--------------------------------------- 

9 r e f ' e r  t a  l a s t  p a g e  o f  A p p e n d i x  I far derivation 



I 
I 

I 
I 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 

I 

1. 

1. 

14. 20 
19. 97 
7. 747 

0. 5140 

1.000 
12. 19 
23.31 
19. 94 
7. 719 

0. 4631 
0. 

1. 441 
2. 402 
11. 62 
6. 768 

0. 1092 

1.000 
12. 19 
23. Et1 
19.94 
7.719 
0. 4631 

0. 

Thetalstick E-3 
IS** 3 ( -0.8310E-01) + J( 0. 
IS** 2 ( -0. 6170 1 f J( 0. 
IS** 1 ( -0. 7060 1 + J( 0. 
1 

6 ( -0. 7240E-01) + J( 
5 ( -0. SEI70 1 + J( 

3 ( -0. 5651 + J( 
2 ( -0. 5651 ) + J( 

4 ( -10.00 1 + J( 

1 ( 0. 1 + J (  

Gammalstick E-3 
4 ( -0. 166OE-01) + J( 
3 ( -0.6170 1 + J( 
2 ( -0. 5168 1 + J( 
1 ( -0. 5168 1 + J( 

0. 
0 .  
0. 

0. 5733 
-0.5733 

0. 

0. 
0.  

2. 670 
-2.670 

IS** 6 ( -0. 7240E-01) + J( 0. 
IS** 5 ( -0. 9870 + J( 0. 
IS** 4 ( -10.00 ) + J( 0. 
IS** 3 ( -0. 5651 1 + J( 0. 5733 
)SO* 2 ( -0. 5651 + J( -0. 5733 
IS** 1 ( 0. 1 + J( 0. 
1 

17. 00 
25. 91 
10. 36 

0. 7331 

1.000 
12.39 
26. 38 
25. 50 
10.82 

0. 6827 
0. 

1. 719 
3. 059 
14. 07 
3. 577 
0. 1551 

1.000 
12.39 
26. 38 
25. A 0  
10.92 

0.6827 
0. 

Theta/stick E-4 
IS** 3 ( -0.9310E-01) + J( 
IS** 2 ( -0. 7060 ) + J( 
)S** 1 ( -0. 7350 ) + J (  
) 

IS** b ( 0. 1 + J (  
IS** 5 ( -0. 7560E-01) + J (  
IS** 4 ( -0. 9030 + J( 
IS** 3 ( -10.00 + J( 
)Sa* 2 ( -0. 7070 1 + J( 
)S** 1 ( -0. 7070 ) + J( 
1 

)S** 4 ( -0. 166OE-011 + J (  
IS** 3 ( -0. 7350 + J( 
IS** 2 ( -0. 5168 + J (  
IS** 1 ( -0. 5168 1 + J (  
) 

G a r n m a l s  t i c k E-4 

)S** 6 ( 0. 1 + J (  
I S + *  5 ( -0.7550E-01) + J (  
IS** 4 ( -0. 9030 1 + J( 
IS** 3 ( -10.00 + J( 
IS** 2 ( -0. 7070 1 + J (  
1s** 1 ( -0. 7070 ) + J( 
) 

0.  
0. 
0. 

0. 
0. 
0. 
0. 

0. 7072 
-0. 7072 

0. 
0. 

2. 670 
-2. 670 

0. 
0. 
0. 
0. 

0. 7072 
-0. 7072 



I 
I 

I 
I 
I 
I 
I 
I 
1. 
I 
I 
I 
I 
I 
I 
I 

Configuration E-5 
-----------------------------^------------------------------- 

Thetalstic k E-5 
( 19. 20 )SO* 3 ( -0.8310E-011 + J (  0. 1 
( 31.85 )SO* 2 ( -0. 7060 1 + J (  0. 
( 14. 31 IS** 1 ( -0. 8700 + J (  0. 1 
( 0.9800 1 

1.000 
1 2 . 5 9  
28. 97 
31. 83 
14. 37 

0.9352 
0. 

1.951 
3.746 
16. 2 5  
12. 82 

0.2084 

Is** 6 ( -0. 7750E-01) + J( 

)SO* 5 ( -0. 5380 ) + J( 
IS%++ 4 ( -10.00 1 + J (  
)Si?* 3 ( -0. 8398 ) + J (  
I S * *  2 ( -0. 8383 1 + J( 
IS** 1 ( 0. 1 + J( 
1 

IS+* 4 ( -0. 1660E-011 + J (  
IS** 3 ( -0. 8700 1 + J (  
IS** 2 ( -0. 5168 1 + J( 
IS** 1 ( -0. 5168 1 + J (  

Gammalstic k E-5 

0. 
0. 
0. 

0. 8581 
-0. 3581 

0. 

0. 
0. 

2. 670 
-2. 670 

( 1.000 IS** 6 ( -0.7750E-01) + J (  0. 1 
( 12.59 IS** 5 ( -0. 8380 1 + J( 0. 1 
( 28.97 IS** 4 ( -10.00 1 + J( 0. 1 
( 31.83 IS * *  3 ( -0. 8388 1 + J( 0.8581 1 
( 14. 37 )SO* 2 ( -0. 8388 I + J( -0.a5ai 1 
( 0.9352 IS** 1 ( 0. + J (  0. 1 
( 0. 1 
Configuration F-3 

Theta/stick F-3 
( 26.90 IS** 3 ( -0.8310E-01) + J (  0. 
( 37.73 IS** 2 ( -0.6210 1 + J( 0. ) 
( 14.76 IS** 1 ( -0. 7060 1 + J( 0. 1 
( 0.9801 1 

1.000 
12.  59 
28.97 
31. 33 
14. 37 

0. 9352 
0. 

2. 730 
4. 5 6 2  
22.02 
12.90 

0. 2081 

)S** b ( 0. ) + J (  
IS** 5 ( -0.7750E-01) + J (  
)S** 4 ( -0.83~10 1 + J( 
)Sa* 3 ( -10.00 1 + J( 
IS** 2 ( -0. 8388 + J( 
IS** 1 ( -0. 8388 1 + J (  
1 

IS*+ 4 ( -0. 1660E-01) + J( 
IS** 3 ( -0. 6210 1 + J( 
IS** 2 ( -0. 5168 1 + J( 
)S** 1 ( -0. 5168 + J( 
1 

Gamma/stick F-3 

0. 
0. 
0. 
0. 

0. 8581 
-0. 8581 

0. 
0. 

2. 370 
-2. 670 

( 1.000 I S * +  6 ( 0. 1 + J (  0. 1 
( 12.59 IS** 5 ( -0.7750E-011 + J (  0. 1 
( 28.97 )S** 4 ( -0. 8380 1 + J( 0. 1 
( 31.83 )S** 3 ( -10.00 I + J( 0. 1 
( 14.37 ) S a *  2 ( -0. 8398 + J( 0.3531 1 
( 0.9352 IS+* 1 ( -0. 8388 1 + J (  -0.5591 1 
( 0. 1 



Configuration F-2 

I 
I 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 

T h e t a l s t i c k  F-2 
( 44. a0 )S** 3 ( -0.8310E-01) + J( 0. 1 
( 52.02 I S * *  2 ( -0. 3720 1 + J( 0. 1 
( 15. 78 IS** 1 ( -0. 7C60 1 + J( 0. 1 
( 0.9777 1 

1.000 
12.59 

31. 33 
14.37 

0. 9352 

28. 97 

0. 

4.547 
6 .  467 
35.48 
13. 10 

0. 2077 

b ( -0. 7750E-011 + J( 0. 
5 ( -0. 8380 ) + J( 0. 
4 ( -10.c10 1 + JC 0. 

2 ( -0. €3583 1 + J( -0. 3531 
1 ( 0. 1 + J( 0. 

3 ( -0. a383 + J( o. 8581 

Gamma/ s t i c k F-2 
4 ( -0. 1660E-011 + J( 0. 
3 ( -0. 3720 1 + J( 0. 
2 ( -0. 5168 + J( 2.670 
1 ( -0. 5168 1 + J( -2.670 

1.000 
12. 59 
28.97 
31. 83 
14.37 

0 .  9352 
0. 

9. 130 
1 1 .  29 
69. 47 
13. 71 

0. 2085 

6 ( -0. 7750E-01) + J( 
5 -0. 8580 1 + J( 

3 ( -0. 8339 1 + J( 

1 ( 0. ) + J( 

4 ( -10.00 1 + J( 

2 ( -0. 8388 1 + J( 

Gamma/stick F-1 
4 ( -0. 16eOE-01) + J( 
3 ( -0. 1860 1 + J( 
c 7 ( -0. 5168 + J( 
1 ( -0. 5168 1 + J( 

0. 
0. 
0. 

0. 85al 

0. 
-0.8581 

0. 
0. 

2. 670 
-2. 670 



I 
I 

I 
I 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 

I 

I. 

1. 

18. 50 
26. 36 
9 .  923 
0. 6986 

1.000 
12. 31 
25 .  53 
26.22 
9. 835 
0. 6527 

0. 

1. 880 
3. 031 
11.43 
a. 5 5 9  

-0. 126lE- 

1.000 
12. 31 
25. 5 9  
26.22 

0. 6527 
9. a35 

0. 

Thetalstick G-1 
)S** 3 ( -0. 9100E-011 + J( 0. 
)S** 2 ( -0. 4940 ) + J( 0. 
IS** 1 ( -0. 8100 1 + J( 0. 
) 

Is** 6 ( -0. 8350E-01) + J (  0. 
IS** 5 ( -0. 5520 1 + J (  0. 
) S * %  4 ( - 1 0 . G O  1 + J( 0. 
IS** 3 ( -0. 8354 1 + J( 0.3475 
IS** 2 ( -0. 8354 1 + J( -0. 8475 
IS** 1 ( 0. 1 + J( 0. 

Gamma/stick G-1 
)S** 4 ( 0. 1470E-02) + J( 0. 
IS** 3 ( -0. 8400 1 + J (  0 .  
IS*+ 2 ( -0. 3868 1 + J( 2.295 
IS** 1 ( -0. 3868 1 + J( -2. 293 

a 1  1 

I S * *  6 ( -0. 8350E-01) + J( 0. 
IS** 5 ( -0.5520 1 + J( 0. 
IS** 4 ( -10.00 1 + J( 0. 
IS+* 3 ( -0. 8354 1 + J( 0 .8475  
)S** 2 ( -0. 8354 I + J( -0.8475 
IS+*  1 ( 0. 1 + J( 0. 
1 



I 
1 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 

Configuration 6-2 ---------------------------------~------------------------- 
Theta/stick 6-2 

( 18. 80 )S+* 4 ( -0. 9110E-01) + J( 0. 
( 30.06 IS * *  3 ( -0. 1980 1 + J( 0. ) 

( 15.21 1599 2 ( -0. 5250 1 + J( 0. 
( 2. 684 IS** 1 ( -0. 7350 1 + J( 0. 
( 0. 1398 1 

( 1.000 
( 12. 51 
( 29.05 
( 31.33 
( 15. 08 
( 2. 620 
( 0. 1305 
( 0. 

IS** 7 ( -0.8350E-01) + J( 0. ) 

)S**  h ( -0.2000 1 + J( 0. 1 
)Sa+ 5 ( -0.5520 1 + J( 0. ) 

IS** 4 ( -10.00 1 + J( 0. 1 
)S** 3 ( -0.5354 1 + J( 0 .8475 1 
IS++* 2 ( -0.8354 1 + J( -0 .8475  1 
)S** 1 ( 0. 1 + J( 0. 1 

Gamma/stick 6-2 
( 4. 332 IS** 5 ( 0. 1470E-02) + J( 0. 1 
( 7.681 IS** 4 ( -0. 2190 1 + J (  0. 1 
( 15. 82 )S** 3 ( -0. 6 5 8 0  + J( 0. I 
( 10. 88 IS** 2 ( -0. 4488 1 + J( 1. 589 1 
( 1. 684 )S** 1 ( -0. 4488 + J( -1.589 1 
( -0. 2499E-02) 

( 1.000 IS** 7 ( -0.8350E-01) + J( 0. 1 
( 12. 51 IS** 6 ( -0. 2000 1 + J( 0. 1 
( 28.05 IS+* 5 ( -0. 5520 + J( 0. 
( 31.33 IS** 4 ( -10.00 1 + 3(  0. 
( 1s. 08 IS** 3 ( -0. 8354 I + J (  0.8475 I 
( 2. 620 IS**  2 ( -0. 8354 + J( -0 .8475 ) 

( 0. 1305 >sa* 1 ( 0. 1 + J (  0. I 
( 0. 1 ----------------------------------------------------------- 

I 



I 
I 

I 
I 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 

I. 

I. 

19. 10  
30. 01 
15. 22 
2 . 6 9 9  
0. 1421 

1.000 
12. 5 1  
28. 05 
31. 33 
15 .08  
2. 620 
0. 1305 

0. 

7. 098 
12. 48 
20.26 
11 .00  
1. 666 

-0. 2473E- 

1. GOO 
12. 51 
28.05 
31 .33  
15. 08 
2 .620  

0 .  13C5 
0. 

Thetalstick 6-3 
IS** 4 ( -0. 9310E-01) + J( 0.  
)S** 3 ( -0. 1960 + J (  0. 
IS** 2 ( -0. 5860 1 + J (  0. 
IS** 1 ( -0. 6960 + J( 0. 

IS++* 7 ( -0.835OE-01) + J (  0. 
IS** b ( -0.2000 + L'( 0. 
)SO* 5 ( -0. 5520 1 + J( 0. 
IS** 4 ( -10.00 + J( 0. 
IS** 3 ( -0.9354 1 + J( 0.8475 
IS** 2 ( -0. 8354 1 + J( -0.3475 
IS** 1 ( 0. 1 + J( 0. 
I 

Gammalstick 6-3 
)S*W 5 ( 0. 1470E-02) + J (  0. 
IS** 4 ( -0. 2590 + J (  0. 
IS** 3 ( -0.4600 ' + J (  0. 
)S*u 2 ( -0. 5203 1 + J (  1.311 
IS** 1 ( -0. 5203 + J (  -1.311 

02 1 

IS** 7 ( -0. 8350E-01) + J( 0. 
IS** 6 ( -0.c7000 + J( 0. 
IS** 5 ( -0. 5 5 2 0  1 + J (  0. 
IS** 4 ( -10.00 1 + J( 0. 
IS** 3 ( -0. 8554 1 + J( 0.8475 
IS** 2 ( -0. a354 ) + J( -0. 8475 
IS** 1 ( 0. 1 + J( 0. 
I 

e 



Configuration G-4 ........................................................... 
T h e t a / s t i c k  6-4 

( 19. 40 )S**  4 ( -0.9140E-01) + J (  0. 1 
( 29.98 )Sa*  3 ( -0. 1940 1 + J( 0. 
( 15. 19 IS** 2 ( -0. 6300 + J (  0. 9420E-01) 
( 2. 680 IS*+ 1 ( -0. 6300 + J (  -0. 942OE-01) 
( 0. 1396 1 

I 
I 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 

( 1.000 
( 12. 51 
( 2’3.05 
( 31. 33 
( 15. 08 
( 2. 620 
( 0. 1305 
( 0. 

)Sa* 7 ( -0. 8350E-01) + J (  0. 
)SE* b < -o.,?oco 1 + J (  0. 1 
IS** 5 ( -G. 5520 1 + J( 0. 
)S** 4 ( -10.00 1 + J( 0. 1 
I S * *  3 ( -0.8354 1 + J (  0.8475 1 
IS** 2 C -0. 8354  + J( -0.8475 1 
)S*U 1 ( 0. ) + J( 0. 1 
1 

Gamma/stic k 6-4 
( 9.578 IS*+ 5 ( 0. 147OE-02) + J( 0. 1 
( 16. 89 IS** 4 ( -0. 3072 1 + J( 0.9310E-01) 
( 24.43 IS** 3 ( -0.3072 + J (  -0. 9310E-01) 
( 11.35 )SU+ 2 ( -0.5755 1 + J (  1. P88 1 
( 1. 703 IS** 1 ( -0.5755 1 + J (  .-1. 188 1 
( -0. 2529E-02) 



I 
13. 
I 
I9 
I 
I ‘. 
I 
I 
I 
I 
I 

I 

L 

1. 

I 



I 
I 
1 
I 
1 
I 
I. 
I 
I 
I 
I 
I 
I 
1 

I I I 

I 
L b 

L 

I 
PP 

1 - I 

Pea 



I. 
I 
I 
I 
I 
1 
I 
I. 
I 
I 
I 
I 
I 
I 
I 

I 
1. 

J 



APPEbIOI , (  I I I 
- OCM I n p u t  F i l e  For C d n f i q  E - 1  231nR1.3  Tracking T a s k  I 

I 
I 
1 
I 
I 
I 

t=. 21 
i d e n t u = 2 ,  

. v u (  1 )=-25. I 

I. 
I 
I 
I 
I 
I 
I 
I 



OCM I n p u t  F i l e  f o r  C o n f i g .  E-1 T h e t a  Tracking T a s k  8 

1 
I. 
I 
I 
I 
I 



I 
I 

( 1. 000 IS** 5 c 0. ) + de 0. I 
( 4. 866 IS** 4 -0. 3320~-01) + J( 0. 1 
( 10.19 IS * *  3 ( -0.434b + J( 0. 1 
( 4. 203 IS** 2 ( -2. 174 1 + Ji 1.757 1 
I 0.2925 )S** 1 ( -2. 174 1 + J( -1.757 1 
( 0. 1 



( 1 . O c ) O  I S * *  5 ( 0. 1 + J (  0. 1 
( 5.452 I S * *  4 ( -0. 3560e-011 + J (  0. 1 
( 12-67 IS+* 3 { -1. 190 1 + J( 0. 1 
( 3.302 IS** 2 ( -2. 113 1 + J (  1.72h 1 
( 0. 3154 IS** 1 ( -2. 1 1 3  1 + J (  -1.726 1 
( 0. 1 

Gammalstic k 1-3 
4 0. 5230e-0115** 4 ( 0.2230~-02) + J (  0. 1 
t 0.2022 IS**  3 ( -2.000 1 + J( 0. 1 
( 1.075 IS** 2 ( -0.9343 1 + J (  3.5’92 1 
( 1.756 IS** 1 -0. 9343 1 + Ji -3. 432 1 
( -0. 392le-021 

I 1. coo )S** 5 0.  1 + 3 1  0. 1 
4 5.452 IS**  4 ( -0. 356Oe-011 + J (  0. 1 
( 12.67 IS**  3 ( -1. 190 1 + J (  0. 1 
( 3.302 IS** 2 ( -2. 113 1 + J (  1.725 1 
( 0. 3154 IS** 1 ( -2. 113 1 + J (  -1.726 1 
( 0. 1 

( 1.060 I S * *  5 0. 1 + J (  0. 1 
( 2.702 )SU* 4 ( -0. 7390e-01) + J (  0. 1 
( 4.415 )S** 3 ( -0.4997 1 + JI 0. 1 
( 1. 990 1399 2 ( -1.063 1 + J (  1.423 1 
( 0. 1156 IS** 1 -1. 064 1 + J (  -1.423 1 
( 0. 1 

Gamma/stick 2-1 
( 0. 2435e-Ol)S*+ 4 . (  0. 1450~-02) + J (  0. 1 
( 0. 5770e-O11S** 3 ( -2.000 1 + J( 0. 1 
( 0.1932 IS** 2 -0. 1355 1 + J( 2. 5 9 9  1 
( 0.3301 IS * *  1 ( -0. 1955 1 + J( -2. 5 9 8  1 
( -0. 479le-031 



( 1.009 IS++* 5 ( 0. I + J (  0. 1 
( 3.005 IS** 4 ( -0. 4830e-011 + J (  0.  1 
( 5. 036 IS** 3 ( -9. 921Q 1 + J( 0. 1 
( 3. oa5 IS** 2 ( -1.033 1 + J (  1.425 1 
( 0. 1375 IS** 1 ( -1.013 1 + J (  -1.425 1 
I 0. 1 

Gammalstic k 2-2 
{ 0.2435e-01 IS** 3 ( -2. 000 1 + J( 0. 1 
( 0. 7639e-01)S++ 2 ( -0. 5686 1 + J[ 2.623 1 
( 0.2308 IS** 3 ( -0. 5686 + J( -2. 623 1 
< 0.3503 ) 

( 1.000 IS** 4 ( -0.4930e-01) + J( 0. 1 
( 3.005 )SO* 3 ( -0. 9310 1 f J( 0. 1 
t 5.  08& IS** 2 ( -1.033 I + J (  3.425 1 
( 3.085 IS** 1 -1. 033 1 + J (  -1 .425 1 
( 0.1375 1 

( 3 .  000 IS**  4 I -9. 1610e-01) + 3(  0. lb33 1 
4. 630 IS** 3 ( -0. 363Oe-031 + 3(  -a. 1633 1 
3.253 )S** 2 t -2.324 1 + J (  3.633 I 

( 0.3355 IS** 1 ( -2.324 1 + J (  -1.&33 1 
( 0. 2177 1 

Gamma/stick 7-1 
< 0.4159e-91)S** 3 0. 4000e-021 + J (  0. 1 
( 0. 4673e-0115** 2 ( -0. 5644 1 + J( 3.935 1 
I 0.6580 IS** 1 < -0. 5544 1 + J (  -3. 933 1 
( -0. 2533e-02) 





APPENCIX V 



N L R  Cc.nf igur-at ion E-1 : G o m m o  Trocking 

so. - 

40. - 

20. - 

0. - 

-20. {’ 

‘54 
-- b 

...- .-.. e.. 

. . - -  . . .  

+ 
a += .t ++ 
=* 

+ + +  + +++ + + a  

LEGEND: 
- pilot reeponae to gamma error 
+ pilot response to gamma 

pilot  reapanse to theta 

270. - 

IBQ. A ’  

SO. - 

0. - 

-go. - 

- 1  80. 

*t 
+ II * II 

+ Ir ***  ;t ;&e I 

i 

* 

# -  a*\ 

. .  . .  
. *  . . -  

1 I 1 

frequency - rod /sec 
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Gonf igur -u t i c ln  E--2 : G a m m a  Tracking 
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LEGEND: 
. pilot reeponae to gommo error 
+ pilot reaponse to gamma 
Y pilot r e s p o n s e  to theto 

270. 
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0. 

-90. 
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i 

I 
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I 
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I 
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\ .---.... .... . ... 
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LEGEND: 
- pilot reeponae to gamma error 

+ pilot reaponse t o  gomma 
r pilot ra~sponsa t o  theta 
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I + 
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IdLH C o n i i y u r o t i o n  E - 4  : G a m m a  Trocking 
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+ -20. + ++ + + + +  
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.I++ 

-40 ,  I I I 
- 1  1 .  IO, 1 0 0 ,  

f requency  - rad/sec 

LEGEND: 
- pilot reeponae to gomma error 
+ pilclt rsaponse t o  gamma 
i pilot response t o  theta 
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Configuraticbn E - 5  : G o t n r n a  Tracking 
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LEGEND: 
- pilot reeponae t o  gamma e r r o r  
+ pi lot  reaponse t o  gamma 
at pilot reaponse t o  theta 
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0. 

-90, 
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LEGEND: 
. pilot reeponae to gamma error 
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LEGEND: 
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+ pilot  r e s p o n s e  to g a m m a  
pilot r e a p a n s m  t o  theta 
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1 so, 

9 0. 
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LEGEND: 
. pilot reeponae t o  gamma e r r o r  
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,1 1 .  IO. 100. 

frequency - rad/sec 



I '  

C 

L 

I CP 
I$ I 

4 0 .  

20- 
. .  . . 
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frequency - rad/s6c 

LEGEND: 
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1 
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LEGEND: 
- pilot reeponae t o  gamma e r r o r  
+ pilot response to gamma 
Y pilot response t o  theta 
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LEGEND: 
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LEGEND: 
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*I pilot reaponse to theta 
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LEGEND: 
equivalent m i n g l e  loop pilot function 
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LEGEND: 
. equivalent m i n g l e  loop pilot function 
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LEGEND: 
- equivalent m i n g l e  l o o p  pilot function 
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LEGEND: 
. equivalent s i n g l e  loop  p i l o t  function 
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N L R  Configuration E - 5  : Garnma Tracking 
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LEGEND: 
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Configuration F-3 : G a m m a  Tracking 
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LEGEND: 
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- 1  1 .  7 0. 1 0 0 .  

I 
1 .  

frequency - rad/s:ec 

.. 

. .  

1 
- 1  

I I 
7 0. 1 0 0 .  



I 
I 
I. 

t.4 L R 

SO. 

4 0 .  

20. 

0. 

-2.. 
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LEGEND: 
. equivalent m i n g l e  l o o p  pilot function 
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LEGEND: 
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r 4 L H  Cor-1figurotic.n e---2 : G o r n r n a  TracLing 
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LEG END: 
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NLR Configuration G-3 : G o m r n o  Tracking 
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0. 
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-1 
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frequency - r a d / s e c  

LEGEND: 
- equivalent m i n g l e  loop pilot function 
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0. 
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... 
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NLR Corlf igurotiorl  G-4- : G a m m a  Tracking 
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P 
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1. 
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frequency - rad/sec 

LEGEND: 1. - equivalent m i n g l e  loop pitot function 
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0. 

-90. 
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-.. .. . . . . . .-. 
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frequency - rod/sec 
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N L H  Configuration E- 1 : G a m m a  Tr-ocking 
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+ 
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LEGEND: 
. gamma to gamma command - open 
+ g o m m a  to gomrna command - closed 
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0. 
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Configurotion E--2 : Gamma Trocking 
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++*+ 
+ + + + + +  . + ---\ 

-? 

+ 

LEGEND: 
. g a m m o  

+ gamma 

180. 
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0. 

-90. 
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to gamma command - C los6d 

+ +++ ++ 
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+ 
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-270. 
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++*+ 
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+ 
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+ 
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1 

- 1  1 ,  10, 1 0 0 .  

LEGEND: 
gamma 
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0. 
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+ ++ 
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+ 
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+ 
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0. 
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C u n f i g u r a t i o n  E - 4  : G a m m a  Trocking 
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+ 
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LEGEND: 
- g a m m a  to gamma command - open 

+ g a m m a  to gamma command - closed 
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Configuration E - 5  : Garnmo Trocklng 
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+ 

LEGEND: 
- gamma 

+ gamma 
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0. 
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1 .  

I I 
IO. 1 0 0 .  

frequency - rod/sec 



I 
I 
I. 
I m  T) 

I '  
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LEGEND: 
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LEGEND: 
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LEGEND: 
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NLR Configuration G--3 : G o m m o  Trocking 
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