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ABSTRACT 

This docuJnen t is a sta tus report on the pitch acceleration limiter for the MH-64 and covers 

the following subjects: 

LO REAC STUDY 

2.0 ERROR ANALYSIS - A COMPILATION OF DEVICE TEST DATA AND A CALCULATION OF THE RESULTANT 

SYSTEM ERROR 

3 .O EFFECTS OF SYSTEH ERRORS ON SYSTE:t-r PERFORMANCE 

4.0 GROSS WEIGHT AND C.G. CONSIDERATIONS 

5.0 STATEMENT OF OUT.STANDING PROBU MS 

6.0 RECOMMENDED APPROACHES TO THE SOLUTION OF THE OUTSTANDING PROBLEMS 

Section 1.0, REAC STUDY, contains exerpts from the G-Limiter Analytical Report which although 

yet published, is in the process of preparation. 



loO REAC STUDY 

A brief resume I of computer results and·· work iri process- is included as pci.rt • of the "status 

repc,rt in order to delineate sone of the existing problems. 

The limit functio:. C')nbfoinf,' ~,he 162 q term has been on the REAC four times 0 

32.2 

1. ?vb.i12...:A.nalysi~ (See P.EAC Diagrarn figure 1) 

Considered .100 seconds delay on both servos. ~D centering in .250 seconds and 

at 40, /sec. S C 
p • 

2. 1st _Revision 

Revised ~D centering to .600 seconds. 

3. 2nd Revision 

Used .020 second delay due to relays; .030 second delay on parallel servo 

disengagement. Used .016 second lag for mag amp. 

4. 3rd Revision (See REAC Diagram Figures 2 & 3) 

Is using .020 second delay due to relays; .030 second delay on each servo, .300 

and .600 second return rate on S D and 40°/sec return rate on '1)• Also adds 

accelerometer and rate gyro dynamics, rate limiting on servos and H.M. eff~~ts on 

surface. Uses .033 second lag on pre-amp - mag-amp combination. 

Ll Curves of Nz vs Se• 

1.1.1 M:lin Analysis and 1st Revision 

Results of the main analysis and 1st revision are given in figures 4 - 9 for a 

.3lc and 47,000 lb. G.W. 

Results of a .27 and .35c are given in figures 10,11 and 12 for a limited number of 

conditions. 

lolo2 2nd Revision 

The results of the second revision are given by the solid dot curuQs 0 £ £iguree 13 and 14 

It is to be noted that this mechanization did not allow for a .030 second diffe~ential 

servo dead time. 
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3 3rd Revision 

The REAC work on th~ third revision is still in process. The results can be 1;~·:~de 

G.v:1ilable a.t the end of Decem'.x:r i:-:' it is de cided 3.t the 9 December analytical 

meeting to continue tbis ;, tud;y. 

1.2 Discussion of Results 

It is to be nc.ted th9.t these curve s of computer results are based on an ideal systen 

with no errors. Refer to section 2.0 for a statement of system error and sec+,ion 3.0 

for- the effects th2, t system error have on system performance. 
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2. 0 ERROR ANALYSIS 

The present limit ftmction for the pitch acceleration limiter for the ·MH64 Damper 

is as follows: 

L = (bNz + 162.9.) 1 + 0.02§_ + 12.5 ,fo 2s + 15.?5fp 
32.2 1 + 0.1$ 1 + 2s 

-!.2.§__ 
1 + 5s 

The following error analysis is predicated on the use of GG47E Accelerometer, on 

LG16 position transmitter and a BG47E calibrator in a duplicate failsafe system, 

2.1 Individual Errors 

2.1.1 Accelerometer linearity 

The manner in which the lirni t f 1.mction is derived ,,~a :::.' be shown 0. 1._, follows: 

I AF:---------~- J.i- ---~- J;, .... -... . lr -----

(a) Ap = Az + lr c1 

(b) AR = Az - lr ci 

(c) KRAR = KR (Az - lr q) wherein 

as determined in the bridge. 

(d) Subtracting (c) from (a) 

KR is 

,t ,· ~­,5 e. g. 

the attenuation factor of AR relative to AF 

(e) Dividing by 1 - KR 

AF - KRAR = A2 + lr + KRlr ~ 

1 -· KR 1 - KR 
(f) Allowing for the bridge mechanization and the addition of hich passed servo 

terms equation (e) becomes: 

whe:r;-ein en is the bridge vol +.age an:1. Kb the proportionality factor. 

(c) In the CF-185 installation the accelerometers are located 22 feet forward and 7 

feet aft of the .31% e.g. 

'.!.1he previously proposed lin1i t function has a q gain of 1 62 or solving .ror. K:rt j-

(1) = 162 = 22 + 7KR 
1 KR 



-4-

(cont.) 

(g) (cont.) 

(2) 162 .- 162KR = 22 + ?Ka 

AF - KRAR = Az = AL 
1 - KR 

For a ±.lg error in absolute accelerometer linearity ; 

6.AF - KR.6AR = AAr.,, 
1 - KR 

±.1 (1 + .828) 
-r - .828 

=.6.A11 

.6.A1
1 

= + .1 X 1.328 = + 1.06 g 1s 
.172 

Ea=± 1.06 g's 

(i) The ±.lg absolute linearity has components as follows: 

( 1 ) ± .05 g resolution max 

(2) ± .08 g linearity at room temperature 

(3) ± .07 g temperature effects 

At present the accelerometer manufactunr. !::as to compensate each device by 

selection of end resistors to get the combinatior. of eff~cts to yield a ±.lg 

absolute linear~ty unit. Thus even with the addition of heaters and use of 

matched accelerometers it is doubtful that an absolute linearity of smaller 

than ±.08 g 1s could be achieved especially in view of the ±0.05g threshold. 

The error for a ±•08g accelerometer would be: 

.6.A11 = ±.08 x 1.828 = ±.85 g's 
.172 

Ea= ±•85 g 1s with matched accelerometer 
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2.1.1 (cont.) 

(i) (cont.) 

It is to be noted that 6 A
11 

is a maximum error occuring for w = o since 

s = j vJ 

At w = = 

1 + .02s 
1 + .ls 

In the case of failures vJ= f (rs) and in actuality increases with fs. 

Another factor which makes matching impractical is due to the duplicate 

nature of the system. Each accelerometer has two potentiometer pick-offs, 

necessitating the matching of two sets of pick-offs between the two 

accelerometers. Thus if there is N probability of securing a match in 

a given lot of accelerometers to a level of accuracy A between two 

potentiometers, one on each accelerometer, the probability of securing a 

match between two sets is N2 where N is a number less than unity. 

2.2 Temperature Sensitive Errors 

-65°F 75°F 160°F Notes 

Ms.g Amp -tO .14 0 +0.14 See figure 15 & 16 

Pre-Amp -0.05 0 0 See figure 17 

Accelerometer Damping + .la- 0 -.2g * --··-~ 
Total Effect + .19g 0 -.06g 

*Accelerometer damping ratio data was obtained from a previous syf..tem which used 

identical accelerometers and a similar limit function. Accelerometer temperature 

effects on linearity have been included under absolute linearity errors due to the 

random nature of the effect. 

ET = 0.19g 1s 
max 

= -.03g's 

l40°F 



2o3 Errors due to a.c. line voltage variations 

Pre Amp 

Mag Amp 

2o4 Calibration Error 

102v 

-.05g's 

+.08g 1s 
+.03g's 

115v 

0 

0 
0 
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121v 

+.05g 1s 

-.08g 1s 
+.03g's 

Notes 

See figure 15 

See figures 16 & 17 

Based on experience with previous systems the closest that a system can be calibrated 

for field use is f().lg 1s. 

2o5 Other Errors 

A number of other sources of error exist which have not been fully evaluated and 

are listed as follows: 

(a) Disengage Time Errors 

(b) Tolerance on te due to tolerances in aircraft control system. 

*(c) Bridge Variations (R-C tolerances) 

(d) Apparent error on q due to differences in temperature environments of fore and 

aft accelerometers ~= f (T) 

*(e) Line frequency variations 

*(f) Aging effects 

*These errors are small enough so as not to have an appreciable effect on overall 

system error. 

2.6 Error Summary 

2.6.1 The "least squares 11 method of error analysis may be used when the following 

conditions exist. 

(a) Normal error distribution of each variable 

(b) No significant correlation between variables 

Thus if A= X + Y 

6A = f(6X)
2 

+ (.6.Y) 2 providing the conditions of (a) and (b), above are met. 
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2.602 When an error has a skewed distribution on a frequency occurance basis it may be 

2.6.3 

treated as follows: 

E1 ~ f're7v~'1cy 

0 ~ 0 ec v Vo 1, c e.. 

I 
-0 , / '1 -0, 07 

ET= E1 + E2 ~herein E2 has a normal distribution 

ET = E1mo ± ~1 max2+ E22 

ET = -0.7 ± y 0.242 + E22 

Tabulation of Errors 

Symbol Source Max 
Value 

Ea Accelerometer Linearity with ±1.0(g 
matched accelerometers ±o.85g 

ET Temperature variation +o.19g 

Ev Voltage variations +.03 

EC Calibration + 0.1 

With unmatched accelerometers total system error is: 

ETotal = -.03 ± V (1.06)2 + (.19) 2 + (0.03)2 + (0.1)2 

ETotal = +l.05 max 
-l.llg 1s 

With matched accelerometers total system error is: 

ETotal = -.03 ±v(0.85)
2 

+ (0.19)2 + (0.03)2 + (0.1)2 

ETotal = +.85 
-.91 g's max 

Modal 
Value 

() 

0 

-.OJg 

0 

0 

Distribution 

normal 
normal 

skewed 

inverted 

normal 
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EFFECTS OF SYSTEM ERRORS ON SYSTEM PERFORMANCE 

Figure 18 is a partial replot of figure 13 to show the approximate effect of errors as 

derived in section 2.0 on system performance. It will be noted that the errors used are 

those that would be associated with a system utilizing matched accelerometers. 

Referring to figure 18, curve 1 is the theoretical peak g curve for a 35% e.g. 47,000 

lb. GW. Curve 2 is the theoretical peak g curve for a 27% e.g., 47,000 lb. gross weight. 

The G Limiter Calibrator must be set at 6.0 - 0.85 g 1s or 5.15 g 1s in order that curve 

(1) not be raised to a higher g level. This is shown by curve 3 as the nominal 

peak g 1s; curves 2 and 4 requesting the tolerance band about curve 3. 

In actually curves 3 and 4 will converge slightly toward curve 2 as a function of 

• 
increasing De inasmuch as there is a lag network on~+ Kq_, but this would not be 

likely to be appreciable. 

Thus it may be seen that if the present G Limiter is set to assure that peak g 1s do not 

exceed curve 1 for condition 20. 9 - . 35c ,tha t disengagements could occur as low as 4 to 

4. 5 g I s absolute for .. 27cL This does nqt 'even consider the problems of gusts or 
structural pick up. 

An examina tion of the Nz vs Se curves in section 1.IJ will show that there are a number 

of other fli f,ht conditions where low g disengages could take place as a result of 

system error, 

4.0 GROSS WEIGHT AND C.G. CONSIDERATIONS 

During the REAC study of the limiter MH used a 47,000 lb. gross weight and a 31% 

e.g. A few runs were made at a 35% e.g., however. 

The limit load factors MH used were those specified by AVROCAN Specification E-276 

which are +7.3g 1s and -3.4 g's. 
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4o0 (Cont.) 

AVRO Document P/Control 105 dated July 1957 (HH Index 105-343) shows a variable limit 

load factor as a function of Yach Number and Gross Weight. The gross weights given are 

47,000 lbs. and 52,500 lbs. The flight envelopes reflect a minimum limit load factor of 

6.8 g's and 6.0 g 1s respectively for these gross weights. 

Recently MH has learned that the take off gross weight can be as high as 69,000 lbs. 

and that the landing gross weight can be as high as 60,000 lbs. The 69,000 lb. gross 

weight has a limit load factor of 4.6 g's. 

Obviously, with our present G limiter mechanization, if we were to mechanize not to 

exceed 4.6 g's for the high gross weights the aircraft performance would be seriously 

compromised at normal gross weights. 

Each e.g. position must be tied down in terms of the particular range of gross weights 

and flight conditions that it is associated with in order to determine an optimum 

g limiter mechanization, 

5 .O STATEMENT OF OUTSTANDING PROBLEY.iS 

The following is a list of the outstanding problems on the pitch acceleration limiter 

for the MH-64 System. The problems listed are not necessarily listed in their order 

of importance. 

5ol A Three Servo Ramp Input can resuit from a single failure in the MH64 Bridge. 

The following single bridge failures will result in a three servo ramp input: 

(1) Short pitch rate or normal acceleration to 115 volts anywhere between sensor pickoffs 

and the AG26 or pitch integra tor. 

(2) EG153A-2 failure with saturated output. 

(3) Pitch Rate high pass runs hardover. 

(4) Open circuit between pitch rate high pass and the EG153A-l. 

REAC Analysis has shown that with the pre sent .fe th<> :i:-ei.s no lim:i. t, :func t,1on wnlCh 
max 

can protect against this failure .. at. all flighf · cohdHions.' . This ' was subs.tantiated 15y 

setting:.up the computer for a disengiil.gement, at the instant the -failure •occurred the 

r-=sul t being peak , g (c; in excess, of the limit load factc:.-. 
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5.2 Increased dead time of differential servo upon disengage due to stroke change. 

The stroke of the differential servo was changed from :t().611 to ±0.375" nominal stroke, 

Among other effects this increased the dead time upon disengage of the differential 

servo, This resulted because the centering mechanism now moves throue;h the 0,611 to 

O ,375 11 length of stroke before it starts to center the servo. 'Ilrn dead time increased 

from approximately ,030 to .100 seconds or thereabouts. 

5.3 The divergence of the N2 vs $'s curves. 

In order to completely specify the requirements for a disengage type of an antL:ip:.1. tory 

pitch acceleration limiter the g level below which nuisance disengagements cannot be 

tolerated must be specified in addition to the limit load factor which is not to be 

exceeded. This should be specified for both positive and negative loads, 

The resultant g band must allow for the following: 

(a) Static and dynamic system error 

(b) Aerodynamic variations 

( c) Gust inputs 

(d) Gross weight changes 

( e) C, G, shift 

(f) Accelerometer output due to structural pick-up 

-+------------s<:' 

- ), ~ -t-------------=- }4 - - - - --. -+------- ·--
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5.3 (cont.) 

Figure 19, although somewhat exaggerated to clearly -show the principle involved, 

shows that with a divergent curve it is necessary to set thelimit close to level 

flight conditions in order to protect for large elevator failure rates. Assuming that 

a curve similar to figure 20 could be developed, it can be seen that the apparent 

advantages would be a lesser possibility of' nuisance disengagenents. ·0ne of the 

factors which would tend to make possible the characteristics of figure 20 would 1.:)e t.he 

reduction of~ . 
max 

The Effects of Maximum Elevator Rate vs Dead Time. 

Regardless of the limit function mechanized, certain dead times and first order lags 

are going to be encountered in any type of anticipatory system. Neglecting first order 

lags and considering only dead times for a parallel servo failure the following dead 

time exists in the available hardware: 

Disengage Relays 

Parallel Servo Disengage Delay 

.020 seconds 

.030 seconds 

.050 seconds 

For S.L., Mn=l.09; N2/c- = 2g 1s/o, and at present~ = 40°/sec as limited by the 
-e max 

primary control system. The .050 second dead time therefore results in pulling 4 g 1s 

just due to dead time alone. This may be substantiated as follows: 

2g's/o x 40°/sec x .050 sec= 4g 1s 

,5.5 System Error 

System Error is large. due primarily to the accelerometer linearity error as magnified by 

the necessary summing techniques to get the high q gain required to pr otect the aircraft 

with the present pitch axis mechanization (Refer to section J.Q for further details). 

,,- 5.6 Gross Weight and C.G. Variations 

As stated in section 4.0 with our present mechanization setting for limits to protect 

the aircraft for the limit load factors associated with high gross weights, will seriously 

compronize the aircraft performance at low gross weights. 
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6.o RECOMMENDED APPROACHES TO THE SOLUTION OF OUTSTANDING PROBI.Et£ 

Reduction of~ 

One important step that would make for a more acceptable g limiter, regardless of the . 
limit function, is to reduce £'e . Of course reducing the dead time also would be 

of help. But unf or tuna tely- the II sta. te of the art" is such as to make a further 

reduction in dead time very unlikely. 

It is proposed that AVRO and MH review the required ~emax requirements in terms 
•. 

of desired aircraft performance to determine if a reduction in£ is possible. 
, emax 

6.2 Decreased Dead Time on Differential Servo Upon Disengagements 

As authorized in the November and October cocordination meetings MH is conducting 

a study to determine whether or not the MG51 differential servo can be changed 

to overcome the ill effects of the stroke change. One of the items being cons idered 

is the reduction of dead time. 

~ System Error 

Since Accelerometer Linearity is the main source of system error as magnified by 

the summine methods to obtain the high q gain means must be found to reduce the q gain 

of the limit function. 

The main reason the gain was so high in the first place is that with the present pitch 

axis gains the aircraft is unstable for loss of pitch rate. The high gain on q 

in the limit function being required to provide adequate anticipation to protect 

against the type of failure. 

MH has derived new pitch axis gains and mechanization which: 

(a) M9.ke the aircraft stable for loss of pitch rate, and 

(b) Reduce the probability of a three servo hardover as the mechanization utilizes 

~ )'f\.. but not ~\ ... ..., to the differential servo as now mechanized. 

The new pitch axis gains would likely allow the q gain in the limit function to be cut 

1n half or maybe slightly more, This would allow a considerably larger reduction of , 

system error than that which could be obtained by matching accelerometers. 
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.3 (cont.) 

It is therefore proposed tha t :MH m nduct a study to try to determine a limit function 

to be used • ,;i th t he new })i t_ch axis go. ins. 

6 ,4 Reducti:::,n of the possibility of a three servo ramp input due t o a single bridge failure. 

As noted in section 6.3 if the revised pitch axis gains a rernechanized a norm.a l 

acceleration term is fed to the parallel servo only and not to both servos as is the 

case with t he present pitch axis. This woul d subs tantially r educe t he pr ob9.1)ili t y o::: 

this type of f ailure. 

It seerris possible that with the new pitch axis gains and mechanization steps could. be 

t aken within the hardware to minimize the probability of such a failure occurring 

to a loH enough l evel so that it may be neglected. 

MH therefore proposes tha t in conjunction with the study of the neu limi t function 

for use with the new gains ti also studies to determine the practibili ty of l m,Iering 

the probability of this error. 

6, 5 Effe cts of Gros s We i ghts on Limit Loud Fa ct or 

It is understood tha t some pad exists between the flight envelope lirn.i t l:::>ad f.:.1 ct c,:r 

and the deformation limit of the aircraft, it is suggested tha t AVRO reduce t r'.i3 

pad to a minimum. 

Considering the wide gross weight range of the CF-105, it seems unlikely th'.:l. t one 

limit will protect at high gross weights and yet not prove a hi nderance at the lower 

gross weights. 

MH therefore wishes to propose for AVR0 1s consideration a relatively simple mechanization 

which has been used successfully previously to meet such a situ~tion. 
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6.5 (cont.) 

Use is suggested of a differential limit load factor which would be controlled by an 

aircraft system sensing gross wiehgt. The gross weight system would be redundent and 

failure of same would result in the lower of the two limits. 

For example a dual microswitch with normally closed contacts wired in series would. 

sense whether or not the belly tank is in place. Similar methods would sense other 

changes in gross weight commanding one limit or the other from the g limiter. 

6.6 Possible Steps to Improve the Shaping of the Nz vs S-5 curves. 

One of the reasons that it has been difficult to obtain a curve like figure 20 
I 

of section 5.3 is the high ~e relative to the amount of system dead time. 
roax 

Assuming for the moment that this could be reduced somewhat, lowering the break 

frequency on the high-passed servo position feedbacks _ may make it possible to 

approach the results of figure 20 section 5.3. 
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