Intermediate Lateral Autopilots (1) — Y aw orientation control

Yaw orientation autopilot — Lateral autopilot for yaw maneuver
o Designed to have the aircraft follow the pilot's yaw rate command or hold the aircraft with a reference

yaw rate signal.

= Fhe autopilot will work on the coordinated aircraft

--- A coordinated A/C will mean A/C with the Dutch roll damper and the coordl natlon controller

o Typical block diagram:
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o | mportaht features of the design:

O The controlling input turns to the aileron, instead of the rudder.
--- From the response plot shown in the right figure above, we can see that, in a coordinated A/C,
the aileron becomes a more effectiveinput for yaw motion. (Appendix B)

O Anintegrator feedback isincluded to remove the steady state error between 1 (t) and r'eg,

--- The coordinated A/C is normally with an unstable spiral mode, and the integrator feedback

will further destabilize the system

O Anadditiona T feedback inner-loop istherefore included to stabilize the lateral motion.
--- A roll angle feedback is most effective for stabilizing the spiral mode.

-0.

Coordinated A/C

1 1 1 1 1 1
(0] 5 10 15 20 25 30 35 40

89



O Theblock diagram shows Com_T eb%_}' M€ 3V0 |d, Aircraft T‘
what isimplemented.

O Therall angle feedback is replaced with aroll rate feedback.
--- Roll rate signal is much easier to obtain than the roll angle signal.
--- Asthe turn gets steady, f =0 and theroll rate feedback terminates (self-washout).
o A/C model for the design: o : : :
O Required, tof andd, to r transfer
functions of the coordinated A/C.
O Approximated model estimated from
the response data (of the coordinated

A/C) will be used.
--- Truemode! of the coordinated A/C
Is complicated to compute (see

Appendix C).

O Thefollowing fifth order model was
estimated for the coordinated A/C N _
presented in p.84 of this note: L

'(s) = 1.76(s+8.406)(s +0.767)(s- 1967) d.(s)
(s+4427)(s+3179)[s+ 1516 +1086i](s- 0017) °
f(s) = - 7.262(s+4488)[s+1.729 £ 0.745i]

" (s+4427)(s+3179)[s+ 1516 +1086i](s- 0.017)
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o Inner-loop analysis
O Inner-loop block diagram:
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- 7.262(s+ 4488)[s+ 1729 + 0.745]
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b_f?” K s+10 (s+443)(s+318)[s+152+100i](s- 0017)

--- We have retained the roll angle feedback format, to simplify the anaysis.

--- A negative gain aileron servo is used, because that f (S) /d,(S) has anegative gain.

0O Solution atK; =0.278

-2

O Solution atK, = 0.625

--- The spiral mode will be stabilized, but the Dutch roll mode will suffer, by the inner-loop
feedback. However, the later will regain its nice damping with the outer-loop feedback.

--- K¢ =0.625 corresponds to the highest stability for the spiral mode.

--- However, azeroat S=- 0.767 will appear in the outer-loop locus. If not removed, this zero

will stop the outer-loop integrator pole from going |eft.

--- K¢ =0.278 will produceainner-loopCL poleto cancel theouter-loopzeroat S= - 0.767




o Outer-loop analysis.
O The numerator of
the loop transfer
function has been
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changed from the numerator of f (S)/d,(S) to the numerator of r(s)/d,(S).

--- Because that the two feedback loops are for the same controlling input, change in feedback
signal is equivaent to change in the numerator of the corresponding model.

Locuswith K, =0.278
— |_Ocus with K; =0.625

A Solutionat K. =0.278and K, = 1.38
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A 0-degree locus applies, because the
loop transfer function has a negative gain,
and a negative feedback is used.
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o Closed-loop simulation of the yaw orientation autopilot:
O The simulated design waswith Ky =0.278 and K, =1.38.

--- For the coordinated A/C, we have used the exampl e presented on p.84 of this note.
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--- Basically, all lateral controllers discussed thus far perform asthey are designed to.



Intermediate Lateral Autopilots (I1) — Heading Autopilot pilot

Heading autopilot: A displacement autopilot for yaw
o Preliminaries about the autopilot:
O Design goal: To have the aircraft follow areference heading signa Y om
---Ingenea, Y isthe heading of the A/C in the horizontal plane.
--- For small bank angle, f <<1, wewill have r =Y cosf » Y ;hence, Y » r/s=]
--- Asaresult, wecantreat Y o,y asayaw anglecommand j com -
=== J com (Y com) Signal may be generated through integrating .oy, in a pilot operated maneuver
or be sensed by adirectional gyro in an automatic flight control loop.

O Again, thisautopilot will work on the coordinated aircraft
o Typica block diagram:

Coordinated A/C |—r

J com_lfejl s K _e’)(?_' A €, | with aileron servoH

O A roll angle feedback inner-loop is kept here for stabilization.
O Anintegrator is aso adopted to ensure steady state command following.
O A zeroat S=- 2z, 2> 0 isincluded to attract the locus to enter the LHP.
--- The] -feedback introduces a pole at S=0 to the system. With an integrator control, the

outer-loop locusfrom the double integrator will not enter the LHP without a zero nearby.
O Theinner-loop portion of thisdesign isthe same as that of the yaw orientation autopilot.
O We will go right with the outer-loop locus analysis. We will also set Ky =0.278.

0l
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o Quter-loop root locus:
O Please refer this block diagram Stz | - 4.893(s+84)(s+0.77)(s-197) | r

Y — K = :
to that of the yaw orientation ?__' £ 1€ CL polesof theinner - loop
autopilot design.

O Note that this block diagram is

for root locus analysisonly. For thereal system, itsoutput istheyaw anglej .
o The outer-loop locus

O-degree locus also applies

O Inner-loop poles with K, = 0.278
<« —G | : 48— |
10 9 8 -7 6 5 4
— Locuswithz=0.1
—— Locuswith z=0.125

A Solution at K, = 0.278 and Kj =1.49

O Two complex pole pairs result.
--- The Dutch roll pair will increase in stability, and is of no concern here.
--- The dominant pair will loose its obtainable damping ratio with increasing value of Z.
--- If adamping ratio of 0.707 is a specification, then z = 0.125 isthe upper bound for Z.
O Thezeroat S=- Z will aso attractsa CL pole near by. Hence, asmaller Z is not desirable,
--- A trade off design is necessary. Final choice may be determined from a CL simulation.
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o Closed-loop system response:
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O Thissimulation is performed with z=0.1and K, =1.49, and on a coordinated A/C.

O The heading error of the A/C isforced to zero at the steady state.

O In addition, because that limyg of (t) = 0. the assumption, j som » Y com» OF in @more general
sense, | » Y forany] ,isvalid.
--- Thisresult will allow usto control the A/C heading through control of theyaw angle | .

O However, alarge peak value of the bank angle occurred during the maneuver.

- With apesk f that equals 1.6Y gy, @ 30° turn maneuver would produce apesk f of 50°

-—- Normally, 30" » 0.5rad will be the limit for f before the passengers begin to feel
uncomfortable, or even panic, about the fight.

--- Thelarge peak valueint isaresult of the large yaw rate that occurs during the maneuver.
--- Some form of the improvement on the heading pilot design is necessary.
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Improved design: Heading autopilot with a yaw limiter

o Remedy to the peak surgein bank angle:

O First of dl, the following equivalent form of the heading autopilot can be drawn:
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= = A heading autopilot is a heading feedback outer-loop to a yaw orientation autopilot.
--- Implementing the heading autopilot in this form will require differentiation on the heading

command Y oy,. However, any noise amplification due to this differentiation will be
restored by the integrator inside the second feedback 1oop.

O Since we regard the large peak vaue inT is aresult of the large yaw rate that occurs during the
maneuver., we can improve this effect by limiting the yaw rate as follows:
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--- A saturation limit on Iy, isinstalled.
o Design of the yaw rate limiting circuit:
O Assumethata f £ 30° » 0.5rad is sought.

O CL simulation of the yaw orientation autopilot reveals that
theratio betweenf and r will be about 5:1.
O Then, alimit of Iy, canbesetat ey £0.1rad/ sec.

Limiting 0.1
circuit com
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Intermediate Lateral Autopilots (111) — Roll orientation control

Roll orientation autopilot — A command following control for roll

o Definition of the problem:
O Design an autopilot to have the A/C follows the pilot's roll angle command or hold the aircraft
with areference roll angle.
O The autopilot will also work on the coor dinated air cr aft

o Typical block diagram _
— A roll rate feedback fm»?_w . KZ? K, [ Soordinated AIC L 1 ¢
inner-loop is kept for — °f &1- a ¢
stability improvement.

O The feedback structure is equivalent to a proportional plus differenti ator (PD) control:
--- Mathematically, &_(S) = K[ Ky (f com(S) - T (9)) - T (s)]
= K1Kof com(8) - Ky(s+Kp)f (s)
--- Equivalent block diagram:

N O .| Coordinated A/C| ,
Foam™ KiKo 1 (stKIK, &, | with aileron servo -t

= = Bhe PD control structure seemsindicate that steady state output error may persist.
o Dynamic model of the coordinated A/C and of the aileron servo:
O For the same coordinated aircraft used in the yaw orientation autopilot design, we have:
f(s) _ - 7.262(s +4.488)[ s+1.729 + 0.745i] d,(s) _ -10

d,(s) (s+4427)(s+3179)[s+1516+1086i](s- 0017) €, (s) s+10
--- A positive gain will result for the overall system; hence, a 180-degree locus will apply.
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o Closed-loop system of the design

—— Locus with K,=2
—— Locus with K,=1

o Solution at K,=2 and K,=0.7
— >»<—@< =
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The other pair of rootsisat s=-5.46% 5.35
(along the two asymptotes)

vy

O The leftward moment of the spiral model will increase with larger value of K.
O Thefollowing CL system is also obtained for the selected controller gains:
TFe () = f(s) _ 50.8(s+ 2)(s+4.488)[s+1.729+ 0.745]
8 on(S) (5+1.307)(s+4.516)[s+1936 + 0.958i|[S + 5.46 + 5.347i]
508s* +5055s> +1776.65° + 274595 +1616.6

8 +2065° +19755% + 978253 + 2508552 + 3222 65+ 16082
--- A dominant CL poleat S= - 1.3 results, indicating afast CL response (in about 3 sec).

--- Also,with TFCL(S)\ =g —1.005,a 0.5% steady stateerror also resultsfor astep f oom (S)
--- For aPD feedback system, this near perfect output following is unusual.

--- The fact is that the spiral mode of the open-loop model, being so close to the origin, acts like
an integrator, thereby squeezing out the steady state output error.
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Roll orientation autopilot — A rate command version

o Address the problem:
O A rall angle command is used in the previous design.
O Inamanua maneuver, the pilot’s control stick input normally represents aroll rate command.
O Need to provide the pilot with a capability to maneuver the A/C with aroll rate command.

o Block diagram of aroll orientation autopilot with aroll rate command:
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--- A roll rate feedback inner-loop is still kept for stability improvement.
--- Anintegrator is also included to ensure the rate command following.
O The CL system of thisdesign is exactly the same asthat of the previous design.
--- For the same A/C and the same controller gains, the CL system will remain as

f(s) _ 508s* +5055s> +1776.65° + 274595 + 16166

foom(S)  s®+2068° +19755" +978.25% + 2508 55° +3222.65+1608.2
--- Again, a nice steady statecommand following will resultsforastep f 5, (S)
o Closed-loop system response to a pulseroll rate command:
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