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The ability of a helicopter to carry externally slung loads makes the aircraft very
versatile for many civil and military operations. However, the piloted handling qualities of
the helicopter are degraded by the presence of the slung load. A control system is developed
that uses measurements of the slung load motions as well as conventional fuselage feedback
to improve the handling qualities for hover/low speed operations. Past research has been
limited to studies focused on load damping, as opposed to the piloted handling qualities focus
of this paper. The approach implements an explicit model following control system with
cable angle feedback for the externally loaded UH-60 Black Hawk helicopter, which is
optimized via multi-objective optimization software to simultaneously meet stability,
performance, and handling qualities requirements. The improvements provided by this
control system are demonstrated in a piloted fixed base UH-60 simulation. Pilot comments
and statistics are presented to show the effectiveness of the cable angle feedback control
system as compar ed to a baseline control system.

. Nomenclature
LMR Load Mass Ratio
UAV Unmanned Aerial Vehicle
FCS Flight Control System

RASCAL Rotorcraft-Aircrew Systems Concepts Airbeimaboratory (Modified JUH-60 Black Hawk)
Mg Mass of the externally slung load

Myircraft Mass of the aircraft without external load

Amac Depth of magnitude notch in the aircraft attéudsponse near the load pendulum mode
W35 Frequency where phase crosses through -135afegre

X Derivative of states vector

X States vector

u Controls vector

A Stability derivatives matrix

B Control derivatives matrix

N Coupling numerator
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p,q,r Aircraft roll, pitch, yaw rates in aircraft bodyes with respect to inertial reference frame

u,v,w Aircraft longitudinal, lateral, and vertical bodyes velocities
¢,6.¢ Aircraft roll, pitch and yaw Euler angles wittspeect to inertial reference frame
Bion+ Ojat Pilot control inputs for lateral and longitudiraiclic

Oped 1 Ocal Pilot control inputs for pedal and collective
%6, Lateral and longitudinal cable Euler angles, wébpect to the level heading reference frame

Ag¢., A¢g. Relative lateral and longitudinal cable Euler asghith respect to aircraft body frame
H Compensator transfer function
Kp.Kp Kk,  Feedback gains for roll rate, roll attitude, amteégral of roll attitude

p1 g
ke Cable angle feedback
Pc. 0 Roll and pitch cable angular rates, with respedthe inertial reference frame
5% ,d'a“m Actuator commands for lateral and longitudinattcol axes
5aped .05,  Actuator command for pedal and collective condas
NRH Rotation matrix from the aircraft level headirgpodinate system to the inertial coordinate system
HRC Rotation matrix from the cable coordinate systerthe aircraft level heading coordinate system
NRL Rotation matrix from the load body coordinatetegsto the inertial coordinate system
CRt Rotation matrix from the load body coordinatetsgsto the cable coordinate system
4.6, Lateral, longitudinal and heading Euler anglethefload, with respect the inertial reference ram
for Mean square value of the pilot input signal
012 Half power of the pilot input signatTl2 = Ut%t/Z
oy Pilot cutoff frequency

II. Introduction

he operation of helicopters carrying externallyngldoads has an important role in military and lc@wi

applications for many diverse tasks such as defigesupplies, search and rescue, constructionfifjteing,
and logging. The additional utility of operatingtivia slung load comes at the cost of higher piletetkload due to
the nature of controlling a two-body dynamic systdralicopter and slung load. The pilot must maneuhe
helicopter effectively in order to fly to the draf point, as well as monitor load motions, andreuelly place the
load down in a precise location — often withouthilgy of the load from the cockpit. The indirecontrol of the
slung load motions through the rotor is essentiallynoncollocated control problem for the pilot, ehiare
notoriously difficult? It is well known that the presence of heavy exibtoads causes degraded piloted handling
qualities ratings, especially for configurationgtwiong slings and heavy loadls.

With the development of a prototype of the Heaify Helicopter by Boeing in the 1970s came manyagléor
automatically controlling helicopters with externaads. Some research focused on active contratsegtirectly
on the external load, such as an active dram,fins? The idea of using a feedback system to the rotomdioectly
damp the load motions by utilizing load cable arfgkedback was investigated by DuRe&upta® Liu’ and Huttd®
Lui and Gupta focused on optimal control methodsfdid-state feedback including load motions. Dukesl Hutto
used classical control methods to improve load dagaReference 7 provides a comprehensive tradestofly
comparing these direct and indirect load contrgllinethods. It was found that the indirect feedbsykems were
more complex in implementation due to technologigaitations at the time, but vastly more versatiitetheir
effectiveness to differing load configurations asnpared to devices installed directly on the exklmad. For the
prototype Heavy Lift Helicopter, piloted evaluatiowere performed in flight to show that load dampaould be
improved with cable angle feedback, although mitmnments indicated that the system made the lcgdhéavier,
which was not desireabfé.

Much of the modern research in the area of extdoaa control for helicopters largely focuses armanned
aerial vehicles (UAVs). The K-MAX helicopter UAV ed cable angle feedback to aircraft controls (ndirect
control) to stabilize the load motiofsAnother example of indirect control is given infREL which applied a feed
forward technique previously used on overhead arémeeduce swing motion on an unmanned autonomergen
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Industrial Twin (5.9 ft rotor diameter). Anotheudy on small unmanned rotorcraft implemented deldgad state
feedback to the rotor (indirect control) to daropd motions on the GT-Max (9.8 ft rotor diametar)l éhe indoor
electric AAU Corona (2ft rotor diametery .

Current literature on manned configurations haswshthat conventional fuselage feedback controlesys for
helicopters with heavy external loads cannot prevatlequate stability margins and simultaneouslyt ritee
military helicopter handling qualities specificatigADS-33E-PRE) requirements, particularly in the roll axfs.
Reference 14 also analytically demonstrated for @h¢53K that adding an advanced feedback configurat
including cable rate feedback can provide improstability margins. Recent studies by the Germanogace
Center (DLR) largely focus on a flight director e CH-53G helicopter, which does not use autanwamntrol, but
instead provides a display aid to the pilot for garg pendulous load motidi. This method has proven very
effective at damping unruly modes in forward fligRecently, the DLR has also begun analyticallylexpg the
use of rotor-state feedback for helicopter sliraglpositioning® and helicopter sling load dampihg.

In previous research, where the main focus wakatop the load pendulum motions, the load feedbaakmlly
had the effect of making the load feel heavierhe pilot’ and a heavier load is generally associated withr po
maneuvering handling qualitiéshis approach works well for a UAV, where handliggalities are not relevant,
but may not be suitable for piloted operations.A\lte development of a flight validated externaddandling
qualities criteria in Ref. 2 to guide the contrgktem design, this paper takes a different focusngproving
handling qualities of the helicopter/slung loadteys

This research focuses on the development of aauihority fly-by-wire flight control system (FCShat
implements cable angle feedback combined with cotweal fuselage feedback to improve piloted harglli
qualities with an external load for hover/low spegzkrations. The fly-by-wire flight control systaakes piloted
control inputs and processes them through thetfightrol computer, which makes an appropriate canurto the
main and tail rotor actuators. Fly-by-wire providesnore flexible, full-authority architecture thegacy partial
authority configurations used in previous manneddrditure on slung load control. The flight contsylstem
developed here does not require special or expersjuipment installed on the external load sineisian based or
mechanical system (such as in the case of the K-MAMYV'% can measure cable angles and rates from the
fuselage.

The scope of this paper is to design an attitumanecand explicit model following flight control sygsh using
multi-objective optimization to meet hover/low sgeADS-33E-PRE specifications for a Level 1 helicopter as
well as the slung load handling qualities and $itghhargin requirements. The control design wittble angle and
rate feedbacks combined with standard fuselagebtesd will be compared to a baseline control systieat
implements only traditional fuselage feedback. Tésults of a fixed based piloted simulation study given to
verify analytical results.

. System Description

The aircraft considered in this paper is the RASCAUH-60 helicopter, which is operated by the
Aeroflightdynamics Directorate of the US Army at AsmResearch Center in Moffett Field, CA. The RASCAL
shown with an external load in Fig. 1, is a fulttaarity, fly-by-wire system for the evaluation gilavith a backup
mechanical system for the safety pilot. It is usedresearch cockpit hardware, investigate rototdnahdling
qualities, and to develop and test new fly-by-wirentrol system architecturd$. This paper assumes a
configuration of 15,000lb at low speed only, wit@00 Ib rectangular box external load, and 7%ifigdength. A
useful measure of helicopter load is the load-nmatis-(LMR), which is calculated by Eq. (1).

LMR= % (1)
maircraft + I"nloat:i

Where the LMR for the configuration considered freie 0.25. LMR > 0.20 are known to result in sigant
effects on handling qualities. This configuratiaith high load-to-mass ratio and a long sling (Y,9ftas found to
have particularly poor baseline handling qualiiiedRef. 2, and therefore is good case for testive ienefits of
cable angle feedback. However, the concept andlusions developed here can be applied to any load
configuration.
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Figure 1. UH-60 with external load.

Figure 2: Slung load simulation diagram (Ref. 20).

The General Helicopter Flight Dynamics Simulat{@enHel) was used for nonlinear simulation of thioaded
UH-60 aircraft. GenHel is a full flight envelopegniinear, large angle model, with rigid blades #mselage'? It
uses blade element theory for the main rotor aRidtePeters Inflow model. The slung load dynamics added via
a module that simulates the load motion as a fanctf the helicopter states, and transmits hooke®rand
moments imparted by the external load up to th&deier® This process is depicted by Fig. 2. The model of
helicopter and slung load is extensively validagdinst flight data in Ref. 20.

The linearized state-space model used for lineatral design and analysis herein are derived ftbennon-
linear model via perturbation techniques. The toalsed to extract these linear models are called
FORECAST/OVERCAST and are described in Ref. 2. liffear model extracted for the hovering externkided
UH-60 has 30 states: 9 fuselage, 4 slung load, i rtor flap, 6 main rotor lag, 3 main rotor inflpand 2 engine
states. The resulting dynamic modes of the modekhown Table 1. The unstable pitch and roll Phiigoddes
combined with the roll and pitch short period modespectively, make up the unstable lateral anditodinal
hovering cubic behavior of a helicopter. The peadumodes of the load (at ~1 rad/s) are stablelighity damped
in the longitudinal case. An example validationtlt linear model (with 56ft sling to match avaiklflight data)
against frequency responses identified from fligita using the CIFERast Fourier transform (FFT) softwatés
shown in Fig. 3. The figure indicates that the dinenodel provides a very good prediction of thghliresponses.
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Figure 3. Model validation with 5K slung load, 56ft sling.
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Table 1. Dynamic modesfor 15,000lb UH-60 carrying a 5K Ib external load on 79ft sling.

Mode Description Eigenvalue Frequency (rad/s) Damping
psi integrator -9.15E-16 0.00 1.00
Yaw/Heave -2.45e-001 +/- 5.80e-002i 0.25 0.97
Pitch Phugoid 2.07e-001 +/- 3.97e-001i 0.45 -0.46
Roll Phugoid 3.79e-002 +/- 4.56e-001i 0.46 -0.08
Long. Pendulum -1.24e-001 +/- 9.78e-001i 0.99 0.13
Pitch Short Period -1.01 1.01 1.00
Lat. Pendulum -7.31e-001 +/- 9.86e-001i 1.23 0.60
Collective Lead/Lag  |-2.58e+000 +/- 1.01e+000i 2.77 0.93
Engine Response -2.89 2.89 1.00
Roll Short Period -4.87 4.87 1.00
Regressive Flap -4.27e+000 +/- 4.76e+000i 6.39 0.67
Constant Inflow -12.3 12.30 1.00
Regressive Lead/Lag |-5.77e+000 +/- 2.02e+001i 21.00 0.28
1st Harmonic Inflow  [-2.04e+001 +/- 9.15e+000i 22.40 0.91
Collective Flap -9.45e+000 +/- 2.56e+001i 27.30 0.35
Progressive Lead/Lag |-8.47e+000 +/- 3.61e+001i 37.10 0.23
Progressive Flap -4.56e+000 +/- 4.86e+001i 48.90 0.09
Power Turbine Response -90.8 90.80 1.00

IV. Slung Load Handling Qualities Specification

The recent development of a new slung load handjirgities criteria in Ref. 2 provides insight irtow slung
loads degrade handling qualities, and which aspedise response the pilots find undesirable. Timderstanding
shapes how the inclusion of the load feedbackseamsed to improve the pilot handling qualitieshaf load in this
research. The slung load handling qualities spetifin is based on extensive flight test data wizerariety of
sling length and load masses were tested with thigsidh Task Elements in ADS-33E-PRFMission Task
Elements are a set of stylized maneuvers for hatiiee which are performed by the pilot and rateskedaon the
Cooper-Harper scale.

The slung load handling qualities specificationt tivas developed relates the shape of the attittetpiéncy
responses of the aircraft to the piloted handlinglities rating (HQR). An important characteristicthe response
of an externally loaded helicopter is the depththaf notch in the attitude response (at 1 rad/sign B that is
associated with the attenuation of the attitudpamrse to pilot stick inputs because of the loachgwt his notch is
non-existent for an internally loaded baseline dugdter, and becomes deeper with increasing extéoadl mass

ratio (LMR) as shown in Fig. 4. The depth of théahoAMAG) as compared to an internally loaded helicopténes
metric used in y-axis of the handling qualitiegemion shown in Figs. 5a-5b. As indicated by thisecia, a greater
magnitude loss (caused by a heavier load) is assacivith degrading handling qualities (HQR > 4heTx-axis
criterion in Fig. 5 is the frequency of the -135gdke crossing of the phase response near the lode for the
frequency of the minimum phase near the load mbdeloes not cross -135 deg). The frequency witeeephase
crosses -135 degrees decreases with longer slirgghle due to the lower frequency load pendulum engd

approximatelyqlfg/l 5). This is associated with degraded handling gealin Fig. 5. The -135 degree frequency is

important because it is used in standard helicdmeadwidth criteria since it better correlates étidopter handling
qualities ratings than the pure magnitude bandwieBHB frequency) that is often used in text boGksFigure 5
also shows that the unaugmented configuration densd herein, with LMR = 0.25 and a 79ft sling, ipa®r
handling qualities (HQR > 4).
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Figure 4. Roll attitude frequency response dueto lateral cyclic for the 79ft sling with increasing LMR (Ref. 2).
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Figure5. Slung load handling Qualities criteria (Ref. 2), where HQR>4 represents poor handling.

Based on these criteria, the shape of the attitadponse due to piloted stick determines how thegsload
affects the piloted handling qualities. The datdidates that by reshaping the magnitude resporesdeeidback
control, the handling qualities of the externalthaded helicopter could be improved by manipulathey depth of
the magnitude notch and the frequency of the -185sing. This approach would effectively causepia to feel
like he/she is flying a lighter load on a shortérgs

V. Root Locusand Bode Designs. Simple Single Axis Examples

The key components of the control system werealhitdeveloped in a single axis environment in esrdo
explore the first principles effects of cable anfgedback. In this approach, coupling numeratoase used to
calculate the effective aircraft dynamics betweguagticular input and output pair, while the offi@xesponse
variables are assumed to be tightly constrainedebgback. Then when designing control systemsHerfull
order, fully coupled, multi-input multi-output sgsh, where all the loops are simultaneously constrhby the
control feedbacks, the analysis from the singledmgoupling numerator is applicable.

A. Reduced Order Coupling Numerator Model

As an example of the calculation of coupling nurtens consider the following notional 4 degree-afeldom
system:

X = AX + Bu )
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A: a21 a22 a23 a24 ,B— b21 b22 b23 (3)
a3l a32 a33 a34 bSl b32 b33
a, 4, qz ay b41 b42 b43
x=[x % % %] ()
u=[s, 4, 4] (5)

Then the single axis transfer functioq/él, with X, tightly constrained by feedback @,, and X, tightly

constrained by feedback @,, is given with the coupling numerator formulatimiowing Ref. 23:

b, b, b, Ay

b21 b22 b23 a'24
b31 b32 b33 a34

X - N giszss _ |by by b, s-a, ©)
Oe-a N ;22:5(33 s-a; b, b, a;,
e Ay b,, Dby A4
Az, by, Db Q34
a,, b42 b43 S—a,,

In a similar manner, the single-axis transfer fior are calculated for the lateral axis UH-60 wédthexternal
load. The lateral axis was chosen because it i® mifected by the load motions than the longituldiixés due to its
lower inertial configuration. In this work we calate the following lateral transfer functions:

P | 2 Aq e
5 q-Gon 5 q-Gon ’ 5 9~ on
lat [y 5,0 lat |1 5., 1at It - Gpeg
W gy W O W= Ol

where the pitch rate is tightly constrained by ktundjnal cyclic (q - élon), the yaw rate is tightly constrained by

the pedal(r - 5ped ) and vertical velocity is tightly closed by coliee (W - éwl ) Comparisons of the bare
airframe responses and the constrained (i.e. auyplumerator) responses for the roll attituge) @nd load cable

angle relative to the fuselagé\¢.) are shown in Fig. 6. The responses are not diyaftected by the closure of

the off-axis loops over the 1-10 rad/s range, baitnaore influenced in the 0.1-1 rad/s and 10-Haldsrrange where
off-axis coupling is prevalent.
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Figure6. ¢/6Iat and A ¢, /d, with and without coupling numerator closure of the off-axis dynamics.

Then, the order of the transfer function was reduocesimplify the calculations. This eliminated hifyequency
modes above 25 rad/s which did not have a largegiifi the frequency range of interest for handtjnglities, 0.1-
10 rad/s.

B. Root Locusfor Fuselage and L oad Feedbacks
The use of the single axis coupling numeratorstiemfunctions gives the root loci and bode plats the
lateral axis with the off-axes effectively closddhree designs are examined:

» Fuselage Feedback Only
* Combination of Fuselage and Cable Angle Feedbacks
e Combination of Fuselage and Cable Rate Feedbacks

1. Fuselage Feedback Only

The effects of conventional fuselage feedback erdmamic modes of the aircraft are seen in Figss7shown
in Fig. 7a, roll rate feedback tends to initiallpgrove the roll/flap-regressing mode and moveshhegoid mode
closer to the origin, but tends to reduce the dampif the lateral load pendulum mode. Roll attitdieledback in
Fig. 7b tends to destabilize the roll/flap-regregsmode, but stabilizes the Phugoid mode and daimpdoad
pendulum mode. Due to multiple constraints suclstability margin, disturbance rejection bandwidpilpted
bandwidth, etc., a combination of roll rate, raigée, and the integral of roll angle feedbacksratgiired to provide
a stable, and acceptably performing conventionatrobdesign for a helicoptéf.As an example of a conventional
feedback control system, a combination of feedbacksised to form a PID compensator (H) for rditwde in Fig.
7c via classical control techniques. The compensatthitecture has the following form:

Kk
H =k, 1+_ps+_<4(ij ®)
K, s\ S

The following gains proportions were used to previle ideal k/s loop shape in the region of cross-¢1-3
rad/s):

Kk K
=08

£ =02 9)
k40

’kgo
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Then the root locus was calculated to determineptbper value oﬂ(w in Fig. 7c. The root locus indicates that

increasing kw provides a better damped, higher frequency rafiflegressing mode (initially), as well as

considerable improvement in Phugoid stability. He®re increasing gain in Fig. 7c¢ also results ifghtly damped,
lower frequency load mode.

Imaginary Axis

Roll Rate Feedback Roll Attitude Feedback
10 : 10 T
H 8 H -
8 | Roll/Flap-Regressing mode | | Roll/Flap-Regressing mode |
6 H 6 :
/ / | Load pendular mode |
al % | Load pendular mode | ar = P
(%2}
2 :5 X 2 : 1
] H << 9 H
0] P . Lateral Phugoid mode 2 9 i % ...... Lateral Phugoid mode |
2 ° : g -2 ° :
H £ H
4 4
6 6
8 -8
-10 i -10 i
-5 0 5 -5 0 5
Real Axis . Real Axis
(a) Roll Rate feedback (b) Rattitude Feedback
Conventional Fuselage Feedback
10
5
°
< . !
= | Roll/Flap-Regressing mode 9,
x .
5 oy 5 Lateral Phugoid mode
§ H
-5 -
Compensator Zeros
-10
-5 -4 -3 -2 -1 0

Real Axis

(c) Conventional Combination of Roll Rate, Rolliittle, and Roll Attitude Integral Feedback

Figure 7. Root loci for fuselage feedback.

After choosing a gain okw = 4for the conventional PID feedback from Fig. 7c, thesed loop bode plot of

Fig. 8 indicates that the shape of the attitudparse near the load mode are mostly unchangedngsaced to the
bare airframe. Although the closed loop gain haaged, and the steady state error has been eledinde depth
of the magnitude notch of the slung load mode eratititude is only slightly reduced, and the -18§ ffequency is
unchanged. According to the slung load handlinditiem specification, the maneuvering handling giesd with the
external load have not greatly improved from thaugmented case. The inertial referenced load mdyp) is

larger and not as well damped as the unaugmenggdmnsyas indicated by the magnitude peak at therioede (~1
rad/s) in Figure 8b.
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Aircrla(_th Response: Bare Airframe vs. Fuselage Feedback Control System

Load Response: Bare Airframe vs. Fuselage Feedback Control System
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Figure 8: Bode plot comparison between bare airframe and fuselage feedback.

2. Fuselage and Cable Angle/Rate Feedback
The model provides states for the load cable paesé a reference frame with respect to the aggelin this

work, we have chosen to feedback the inertial ezfeed cable angl€,, as opposed to cable angle measured in a

reference frame relative to the fuselage. In theglsiaxis example, the fuselage referenced rolecabgle A¢, is

simply:

Ag.=¢. —¢ (10)

In the single axis case, a combination of rolltatte feedback and inertial cable angle feedback lzan
algebraically manipulated to be equivalent to a pensator that uses roll attitude feedback combiwittd relative
cable angle feedback via the relationship in EQ).(Although the two methods can be identicallyfgpmred, the
authors have chosen to use the inertial cable drgliback in order to isolate the effect of thedlswing on the
control system. This also makes sense physicattpus®e the earth referenced (inertial) load swisgarse should
be minimized in the hover/low speed configuration precision load placement. Inertial cable raedbiack was
also utilized in this analysis.

Choosing kw =4 from the root locus diagram in Figure 7c, and gshe ratios for the rate and integral gains

from Eq. (9), the characteristic equation addiregtial cable angle feedbadk. is:

k k
1+£*4 1+_ps+_¢e(})+k_cﬂ =0 (11)
5Iat k;a k;a S k;o ¢
Solving in Evans Root Locus Form for the cable arfgedback term, to isolak-C , results in Eq. (12).
ko &
1+ klat ” =0 (12)
1+£* 1+ps+¢f(1]
Ot K, k,\s
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In this root locus of Fig. 9, the poles represdma system with only the fuselage feedback contystesns,
kC =0. As cable angle feedback galiQ increases, the closed loop poles change as shofig.i 9a, which does

not improve load damping but further improves Phdgoode damping from the baseline case. When usiide
rate feedback instead of angular feedback in Higti®ere is improved load damping, but a tendecyaflightly
damped Phugoid mode.

Inertial Cable Rate

) Inertial Cellble Angle 2 :
15 | Load pendular mode | 15 ° | Load pendular mode |
® ® E
2 05 .| Lateral Phugoid mode | g 09 <_._.| Lateral Phugoid mode |
S : > 1
g o0 S - J ]
=3 : D
£ 05 \ £ 05
-1 : -1
-1.5 ® -1.5 °
2 i -2
-2 .15 -1 -0.5 0 05 1 15 2 -2 -1.5 -1 -0.5 0 05 1 15 2
Real Axis Real Axis
(a) Cable Angle Feedback (b) Cable REtedback

Figure 9. Root loci for cable angle feedback.

The result of cable angle and cable rate feedbadke closed loop response are shown in Fig. 1BleGangle
feedback in Fig. 10a provides a reduction (i.e.rompment) in the notch depth (smalldmac) as well as flattens
the magnitude response between 0.2-0.9 rad/s. Tféeses combine to make a smoother attitude resparhich
will provide better piloted handling qualities acdimg to the slung load handling qualities speaiiien. This
feedback should effectively make the load feelHiagg” as it is increased. In Fig. 10b, the cable f@edback
creates a slightly deeper magnitude notch (lafesc), implying the load would feel effectively “heavie but
will be better damped for load placement.
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5 —Kc=1 5  Ke=1
g 20 *—xKc=2 g -20 \ b | cem2
>—oKc=3 e—eKc:3
g ° g o
= =1
o -45 @
g § -90
a -9 o
-135 -180
1 0 1 -1 0 1
10 10 10 10 10 10
Frequency (rad/sec) Frequency (rad/sec)
(a) Cable Angle Feedback (b) CabBlate Feedback

Figure 10. Aircraft response¢/5Iat bode plot for combined fuselage and cable angle/r ate feedback.

So, despite the benefits of better load handlinglities related to the cable angle feedback, tla€ loecomes
poorly damped, as indicated by Fig. 11a, whichoisststent with the root locus shown in Fig. 9a. Tdssl response
damping is improved with cable rate feedback, dicated by the phase response in Fig. 11b andotitdacus of
Fig. 9b. There is also a large attenuation of thiglecangle magnitude between 0.5-1.1 rad/s witreasing cable
rate feedback as shown by Fig. 11b. This indictitesthe swing of the load will be much smallerhwitable rate
feedback.
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Figure11. L oad response ¢C/5| bode plot for combined fuselage and cable angle/r ate feedback.

at

These results indicate that cable angle feedbatkeaised to improve piloted handling qualitiethatcost of a
more lightly damped load response. The cable re¢ellfack does the opposite, providing a better ddnqeed
response, at the cost of degraded piloted handliradjities. This indicates that the right combinataf cable angle
and cable rate feedback could provide better hagdjualities while maintaining the load dampingatacceptable
level. The trade-off can be more fully explored multi-objective optimization.

VI. Full Order Multi Objective Optimization with Cable Angle and Rate Feedback

The previous section explored the first principthgamics and trade-offs of a helicopter/slung Idiaght
control system. Now, the full order model preserite8ec. Il is used for the design of an explicadel following
control system with fuselage, cable angle and cedtie feedbacks. This control system architectuas whosen
because it is an excellent approach for achievamglling qualities and feedback requirements foichpters®* One
key benefit of this architecture is that the bardtiwiis set via the command model in the feed-fodwpath,
independently of the feedbacks path, which setsirdiance rejection characteristics and stabilitygimes. This is
referred to as a 2 degree-of-freedom architectiass® In contrast, for a simple feedback control systém
bandwidth and disturbance characteristics are dkgdrupon one another, so increasing the distugbegjection
could result in an overly aggressive closed loapdiaadth.

The explicit model following architecture used listwork has the structure of Figs. 12-15, as imgleted with
slung load feedbacks in the lateral and longitudanaes. There are no feedbacks of load statesetgpédal and
collective. Note that although each axis of thetailer is shown independently in Figs. 12-15 foarity, all
controllers are simultaneously closed around th®®lbare airframe state-space UH-60 model.

P, & | | sensors & Load states
gains Filters P &
Ohat ; .
Lateral Low order a Bare Airframe Aircraft Response
Command inverse >
Model * UH-60 Fuselage
P, ¢, ¢/S states
gains P ¢

Effective +, ‘.' Sensors &
Time Delay Filters

Figure 12. L ateral controller architecture.
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q., b, Sensors & Load stgtes
gains Filters Qe Cc
Aon — Y .
| Longitudinal Low order A0 Bare Airframe Aircraft Response
Command inverse +? "
Model UH-60 Fuselage
q 5 H/S states
gains g, 6
Effective + ‘.' Sensors &
Time Delay Filters
Figure 13. Longitudinal controller architecture.
Jped . . - 5 .
| Directional Low order A e Bare Airframe Aircraft Refponse
Command inverse A g
Model UH-60 Fuselage
r, g, yls states
gains r, ¢
Effective + ‘.' Sensors &
Time Delay Filters
Figure 14. Yaw controller architecture.
o) -0
col Heave Low order a g Bare Airframe .
Command inverse A g
Model UH-60 Fuselage
w, W/s states
gains W
Effective +, ‘:‘ Sensors &
Time Delay Filters

Figure 15. Heave controller architecture.

The structure of the model following controller athé purpose of each block are described in dietdlef. 26.
A short description of each block is provided below
e Command Model - calculates the desired fuselagmrse for a given stick input.
= Attitude command/ Attitude hold in the pitch andl exes
= Rate command/ Heading hold in the yaw axis
= Vertical velocity command (with integrator for pskeualtitude hold) in the heave axis
« Low Order Inverse - provides an estimate of tharobimput required to achieve the desired response
« Effective time delay - accounts for the rotor apthputational delays that are inherent in the ditcra
avoid overdriving the feedback.
* Fuselage Feedback - compensates for errors imteese model, provides gust rejection and stakilize
the Phugoid mode.
« Load Feedback — provides load feedback to impratereal load handling qualities.

A. Control Design Requirements
The control system was designed to meet the rageinés for ADS-33E-PRF Level 1 handling, stability
margins, disturbance rejection, and external loaddhing qualities. The design specifications of [€ap were
chosen to ensure that the control system would Hheedesired flying qualities. More background dese
specifications is provided in Ref. 24.
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Table 2. Control system design specifications.

Specification Description Constraint Axes
(CONDUIT Mnemonic) Type
EigLcG1 Eigenvalues in left-half plane Hard PitBall,
Yaw, Heave
StbMgG1 Gain and Phase margin (45 deg, 6 dB) Hard itch,ARoll,
Yaw, Heave
BnwPiH1 Pitch bandwidth for acquisition and Soft Pitch
tracking, Attitude Command Requirements
(ADS-33)
BnwRoH2 Roll bandwidth for other M.T.E.’s, Attitude Soft Roll
Command Requirements (ADS-33)
BnwYaH1 Yaw bandwidth for acquisition and tracking Soft Yaw
(ADS-33)
BnwPiS1 Pitch External Load Handling Qualities Soft Pitch
Criteria (Lusardi, Ref. 2)
BwnRoS1 Roll External Load Handling Qualities Soft Roll
Criteria (Lusardi, Ref. 2)
CouPRH2 Coupling between pitch and roll Soft P il
CouYaH2 Coupling between collective and yaw Soft wYa
DstBwG1 Disturbance rejection bandwidth Soft Pitebll,
Yaw, Heave
DstPkG1 Disturbance rejection peak magnitude Soft itchPRoll,
Yaw, Heave
FrgHeH1 Heave response bandwidth (ADS-33) Soft Heav
HIdNmH1 Normalized attitude hold response to Soft Pitch, Roll,
disturbances Yaw
ModFoG2 Performance of Aircraft as compared to Soft Heave

command model (model following)

OvsTimG1 Damping ratio Soft Pitch, Roll,
Yaw, Heave

TrkErG1 RMS of load response in turbulence Soft ciRiRoll

CrsLnG1 Minimizes Cross-over frequency Summed Pitch, Roll,
Objective Yaw, Heave

RmsAcG1 Minimizes Actuator RMS Summed  Pitch, Roll,
Objective Yaw, Heave

There are many specifications that must be simetiasly achieved in order to provide a system déhirable
flying qualities and a total of 13 feedback gainattmust be chosen to meet these requirementsisThislifficult
problem via classical control techniques which off® direct way to assess and tune all these mueints
simultaneously. Therefore, the control gains aterd@ined with a multi-objective optimization techue.

B. Optimized Control Design
The CONDUIT software is used to optimize the fuselage and feadback gains. CONDUFT the Control
Designers United Interface, is a computationalvearfé package for aircraft flight control designakesation and
14
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integration?’” CONDUIT® is a useful tool because it combines the coniysiesn design process with the handling
gualities requirements and servo-loop specificatioampliance into one step. The control systemesgihed to
meet these specifications with minimal control &sag

The design specifications are grouped into theetbegegories that define how the optimization |irzes
each requirement. The categories are known as Gandtraints, Soft Constraints, and Summed ObjextiVhe
specifications used for the optimization of the F@#is research are grouped into these categasi@sdicated by
the Constraint Type in Table 2. Hard constrainéscamsidered in the first phase of the optimizatidme set of
Hard Constraints included requirements cruciahtdtability of the aircraft (Eigenvalues in leftthplane and
stability margins). During the second phase ofdap&mization soft constraints, which include handlgualities and
performance criteria, must be satisfied while stamgously ensuring that the Hard Constraints reseisfied. The
last phase of the optimization begins once alhefllard and Soft Constraints are met. The optimsizahinimizes
a set of Summed Objectives during this phase vemiring that all other specifications continubgamet.
Actuator RMS and crossover frequency are chosesnmsned objectives to minimize control usage.

Three flight control systems were optimized totbguired specifications in Table 2:

1. Baseline Control System — This control system igntiped to provide the best control system possible
with conventional fuselage feedback only. This eystioes not use of cable angle feedback because it
is meant to provide a baseline for comparison agailme cable angle feedback control systems. By
using the same architecture and optimizing agdimessame requirements, it provides the best p&ssibl
comparison case for the two cable angle feedbasikjae

2. Load Damping Control System — This control systetemapts to meet the specifications while
maximizing the external load damping. This consgétem uses fuselage, cable angle, and cable rate
feedback.

3. Pilot Handling Control System— This control systgmovides the best piloted handling qualities
possible by using the cable angle and rate feedtmasknooth the attitude response, such that iebett
tracks the command model response and thus mirsntize effect of load swing on the helicopter’s
attitude response.

A comparison of the key specifications is provided the three optimized designs in Tables 3-4. Tiree
designs are nearly identical in the yaw and heaes,aand so these axes are not shown in the tadlbsevity. All
margins and cross-over frequencies of Tables Z4@ropen loop responses broken at the actuatqedat axes.
The model following cost described in these taides weighted, least-squared average of the maigand phase
errors between the commanded and actual respdfiséslower model following cost indicates a better toha
between the commanded and actual responses.

Table 3. Key pitch axismetrics.

American Institute of Aeronautics and Astronautics

Gain Phase Cross- Model Amac (CVRPP Load

Margin Margin over Following Load HQ spec Load HQ spec Damping

dB deg rad/s Cost dB rad/s nondim
Baseline 14.24 45.74 2.23 330.33 9.23 0.72 0.12
Load Damping 13.15 49.09 2.28 384.49 12.15 0.69 0.29
Pilot Handling 13.77 45.77 2.26 178.02 7.16 0.72 0.11

Table4. Key roll axis metrics.

Gain Phase Cross- Model AmaG .35 Load

Margin Margin over Following Load HQ spec Load HQ spec Damping

dB deg rad/s Cost dB rad/s nondim
Baseline 5.21 33.88 5.43 254.09 6.73 0.72 0.093
Load Damping 7.11 69.49 451 1233.58 13.77 0.46 0.27
Pilot Handling 6.08 45.39 4.75 168.58 5.42 0.69 0.13
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The baseline control system cannot achieve mome 38adegrees of phase margin in the lateral axidevhe
margin is improved above the desired 45 degrees witeoducing cable angle feedback in both the Idanhping
and pilot handling control systems. This indicdtest slung load feedback can provide improved phaesegins for
the UH-60. The load feedback also improves thedatgain margin, which is below the requiremensdB for the
baseline case. The cross-over frequencies areeatlyaffected by the slung load feedback.

As shown in the Tables 3-4, the pilot handlingtool system has the lowest model following cosbath the
pitch and roll axes, indicating that it performe ttmost like the desired low order command modehdyns. The
pilot handling control system has about the sarmad ldamping as the baseline case in the pitch butsexhibits
improved load damping in the roll axis. The dampaogtrol system provides good load damping, buy yeror

model following. This is related to the sharp ireme in theAMAG of the attitude response for the load damping
control system, indicating degraded handling qgiealitFigure 16 shows that the slung load handlirgities for the
baseline control system are acceptable in theasal, but are at the boundary for poor responglenpitch axis.
The load damping case clearly exhibits worse dirtx@ndling qualities than either the baselinehar pilot handling
control systems. The piloted handling case hasdrgat handling qualities for roll and pitch axisiniging the pitch
axis well into the acceptable region. As indicabgdTable 5, the pilot handling control system relieavily on
cable angle feedback, while the damping contrdiesyaises both cable angle and rate feedbacks.

Roll Slung load HQ

25T 3 25
20 Y |
o) | o
S 15y 3 S, ;
2 ﬁ“) 3 5 3
% 10 sz | % 10 N
5( S - | 5 y SRR
0 0
0 1 2 0 1 2
035 [rad/sec] 0 35[rad/sec]
: Eszzlilg:mping
(a) Pitch Axis — PlotRanding (b) Roll Axis

Figure 16. Slung load handling qualities specification for three optimized control systems.

Table5. L oad feedback parameters.

Roll Axis Pitch Axis
Load Feedback Gains Load Feedback Gains
Cable Rate | Cable Angle | Cable Rate | Cable Angle
(in-s/rad) (in/rad) (in-s/rad) (in/rad)

Baseline 0 0 0 0
Load Damping 7.89287 8.07536 1.4166 2.55865
Pilot Handling 0.0001 3.98154 0.0001 1.24166

Example closed loop frequency and time respondestritte the trade-offs between the designs. Fidure
overlays the closed loop roll attitude and lateedlle angle responses. As seen in the figure ltisea loop attitude
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response is very smooth for the pilot handling wmnsystem, while the load damping has a large matcthe
magnitude response. The load response is bestddoad damping case and has the largest peakt(damging)
in the baseline design. The pilot handling caserawgs the peak load magnitude slightly as compé#oethe
baseline. These results are consistent with thelsisingle axis results in Figs. 10-11, where tiet fnandling
control laws closely resemble the cable angle faekliltases and the load damping results are sitoildre cable
rate feedback.

phiflat — Baseline phic/diat ool
40 — Load Damping 50 - — Baseline
20 — Pilot Handling . [Pt - Lt_)ad Dampmg
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Figure 17. Closed loop bode plot overlaysfor three optimized control systems.

The time responses in Fig. 18 are consistent with ftequency responses of Fig. 17. As comparedhéo t
baseline control system, the pilot handling consydtem has a smoother fuselage response, witér ltmped
residual aircraft attitude oscillations, as wellséightly better load damping. The load dampingtoarsystem has a
very poor fuselage response, with large uncommameeersals in the attitude, but has excellent Idathping.
These results all show a clear tradeoff betweeth tizamping and maneuvering handling qualities.
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Figure 18: Closed loop bode plot overlaysfor three optimized control systems.

VII.  Nonlinear Pilot in the Loop Simulation

Evaluation in a nonlinear environment was pursuigd two objectives: to determine if benefits depd in
the linear environment would transfer to a nonlinfiedl envelope flight simulation, and to performatistic piloted
simulation. The GenHel nonlinear model of the UH#&®@ external load, discussed in Sec. Il, was figedhe
nonlinear dynamics simulation. To provide a viseabironment, the RIPTIDE software is used to realize real
time, visual, full-flight-envelope pilot in the Iposimulation?® RIPTIDE® provides the integration between the
SIMULINK control system, GenHel, visual environmgand pilot inceptors.
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A. Nonlinear Environment Considerations

In the nonlinear environment, which uses full laeggle equations, careful consideration of the lesdlbacks
must be taken into account. In a field applicatanvorthy direct measurements of cable angle atelwauld be
desirable, but are only just now under developmdriterefore, in this research, the load Euler angled angular
rates will be measured in an EGI unit on boardalé. This means that load angles and rates withbasured with
respect to the load body axes. Considering thalote: can spin with respect to the helicopter d&edhtelicopter can
yaw with respect to the load, it is important @ansform the load Euler angles and rates into adaoate system that
is aligned with the aircraft heading, which we dhk “cable angle”. This ensures that the latenal langitudinal
load motion with respect to the helicopter willfeeback to the appropriate control axis, with theper sign.

For the transformation of load Euler angles to edhliler angles, we assume that the load does tobt qui roll
about the cable. This is a very good assumptiorthfeiflight condition and type of external loadttisaconsidered
here; a rectangular load at low speed conditiomemFthis assumption, the direction vector along ¢hele is

equivalent in either the load or cable coordingttean. Then, resolving the cable directicﬁ} (@ndl,) into inertial
coordinates using both the load Euler angles amaitfcraft-aligned heading cable-angle transforonagjives:

0 0
NRA*HRC*| 0 ="R"*| 0 (13)
e s, e iis,

The key coordinate systems are shown in Fig. 1@ dascribed in Table 6.

View from behind helicopter View from above Helicopter A
. . . . n,
X-axes are pointed into the page z-axes are pointed into the page

Fuselage

Slung Load

(a) View from behind (b) View from above

Figure 19. Coordinate systemsfor cable angle feedback.

Table 6. Definition of referenceframes.

Reference Frame | Description Details
N Inertial Frame Standard inertial frame
H Aircraft Level Heading Frame Aligned with airctéieading, but does not pitch or roll
A Aircraft Body Axis Frame Yaws, pitches and rolgh the aircraft
C Cable Frame Aligned with the cable (does spiatinad to the aircraft)
L Load Body Frame Yaws, pitches and rolls with lited
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NRH represents the rotation/transformation matrix fraingraft level heading (H) coordinate system to itrertial

coordinate system (N). The level heading coordisgttem is aligned with the aircraft heading, bogsinot pitch
or roll with the fuselage.

C, -S, 0
“R"=|s, C, 0 (14)
0o 0 1

where S, =sing andC, =cog/ .

"RC represents the transformation matrix from the céifslme (C) to the level heading coordinate framé (H

and "R" represents the rotations between the load framarftl)the inertial coordinate frame (N). The loaahfe

spins with the load body, whereas the cable coatdisystem is aligned with the aircraft headingteswvn in Fig.
19b.

Cec S(Pc Sec C‘Pc Sec

HpC _
R°=| 0 C, ~-S, (15)

B Sec S(Pc Cec C(Pc Cec

Nl CaCu Sp4Cy —CyS, CuS$yCy +5,S,
R™=1CyS, 5445, +CeC, Cu3yS, —S54C,, (16)
- 89I S(ﬂ C9I C(ﬂ C9I

where ¢_and 8, are the cable Euler angles with respect to thel leeading frame.¢; , 6, and ¢, are the load

Euler angles with respect to the inertial frame.
In this case, the aircraft heading and the loadeE@ingles are the measured quantities on the faircra
Rearranging known quantities to the right half sii&q. 13 gives:

0 0
HRE*10 =HRV*NRE*1 0 (17)
1 86,6, 1 Felyl
Which is equivalent to:
C% Sé‘c Cl// Sl// 0 Cw Sé‘l Cl//l + SW Sva
-s, |=|-S, C, 0f|C,S,S, -S,C, (18)
C,Cy. 0 0 1 C,C,
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Solving for the cable angles gives the requiredemntpr feedback, in terms of the measured loaérEahgles and
aircraft heading:

CW S9| C'//I t SW S'/’I
% = arcsin - [_ Sl// Cl// 0}( CW Sﬁl Sl//| B S(/f C‘/’| (19)
c,C,

CW Sﬁl Cl//| + Sf/f Sl//l

[Cl// Sl// 0} Cf/f S/’| S‘/’| - SW C‘/’l
C a C/,|

0, = arctan (20)

CW Sﬁl Cl//| + Sf/f S‘/’l

o 0 1¥cC,s,S, -S,C,

C,Cy,

It is simple to transform the load referenced aaguélocities to the cable axes, with the transtdirom between
load and cable coordinates:

cosAy sinAy O
°R" =|-sinAy cosAy O (21)
0 0 1

where AY = -y,

B. Validation of Control System in Nonlinear Environment

To ensure that the nonlinear simulation with thetad system engaged would behave as predicteakeitiniear
environment, a validation of the nonlinear systejaimst the linear system was performed in the aqy domain.
In order to determine frequency responses frormtrdinear simulation, a frequency sweep is playdd the pilot
inceptor. The aircraft and load response was medsas a result of the sweep inputs. Then, theigldtansformed
to the frequency domain via the ChirpZ transforimgshe CIFER software’* This method ensures that the linear
predicted frequency domain handling qualities préals will hold up in the nonlinear simulation. order to
provide a good validation, the linear model mustalpeaccurate representation of the nonlinear madwl, the
integration between the nonlinear model and comggatem must be correctly implemented in the nealin
environment. The validation was sufficiently aaterin all axes, as demonstrated for the rolluatétand cable
angle responses in Figs. 20-21. There is excellgntement near the load mode (~1 rad/s), whichf ikep
importance to this study. The small discrepancyvbeh 5-8 rad/s is due to an effectively more hgaddmped
rotor flap regressing mode in the nonlinear simoiatThis should not have a large effect on thedhag qualities
because the differences are small at a frequenarenthe pilot rarely operates (as indicated byt pdiatoff
frequencies calculated in the following sectiorito$ paper).
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Figure 20. ¢/5Iat closed loop validation of nonlinear responsesfor the pilot handling control system.
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Figure21. ¢c/5lat closed loop validation of nonlinear responsesfor the pilot handling control system.

VIII. Pilot Simulation

Given the good agreement between the linear antinean simulation models, the next step was to tiest
control systems with a pilot in the loop to detarenwhether the predicted results from the linealyasis were
realized. The simulation was performed on AFDDj&fl base Human Factors Simulation Cab at Ames Rdsea
Center. This cab uses a side-stick for longitudiaiadl lateral controls, and conventional pedal aokkedive.
Although the actual RASCAL UH-60 helicopter hasemter stick configuration, this simulation stillals us to
compare and contrast the relative performanceeottimtrol systems.

The simulator display is shown in Fig. 22. Thera istandard forward view (window A) and the UH-6RAS
display panel (window B). The load is displayedhe pilot in a downward view (window C), as thouwgltamera
were looking down at the load. This is in fact #ew as seen by the “crew chief”, who watches tdaslimotion via
an open hatch in the back of the UH-60. This dispdaused here to provide the pilot a load motioga,since he/she
cannot feel the load in the fixed base simulatiimhe downward view also gives the pilot visual ctesthe lateral
and longitudinal reposition maneuvers given thetéchview out the forward window.
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Figure 22. Simulator displays.

Due to the limitations of the fixed base environinfem simulating slung load configurations, and taek of
sideward visual cueing (no side window), handlipglities rating would not be valid and were noliemed.
Instead, pilot comments comparing the two cableleafigedback control systems to the baseline, as agl
statistical data (pilot stick cutoff frequency) arsed to evaluate the relative drawbacks and kenaffithe cable
angle feedback control systems. Formal flight &agtluations in the RASCAL will be performed in thpecoming
months (see Section VIII, Future Plans), where hiagdjualities ratings will be collected.

A. Piloted Tasks

The pilots were asked to complete a series of atialu maneuvers and provide comments for eacheothiee
control systems. The flight condition was hover/lepeed, 15000lbs aircraft, 5000lbs load, and 78fy.sPilots
first flew the baseline control system, and themandom order, the two cable angle feedback cosirsiems for
the tasks given in Table 7. Comments were colieafeer each task in Table 7 for each control systilots were
instructed to provide comments comparing and cetitrg the control systems and the relative eassach of the
tasks.

Four pilots were used in this study. All four pfatere test pilots, with UH-60 slung load expererteilots 1, 3,
4 are US Army experimental test pilots. Pilot 2ietired NASA test pilot.

Table7. Pilot tasks.

Task # Task Description

1 Check out/ Familiarization Pilot should becoraeiliar with the response of the
control system before performing the tasks.

2 Lateral Reposition Fly 6kts laterally across thumway, and return to

hover at the far end. This uses the downward disjola
provide visual references.

3 Longitudinal Reposition Fly 6kts longitudinallgrass the runway, and return to
hover at the far end. This uses the downward dijpla
provide visual references.

4 Hover Boards Hover in front of the hover boardhwand without
turbulence.
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B. Piloted Comments
The pilot comments provide good insight into thiatiree merits and drawbacks of the three contreteyps. A
summary of comments are provided for each conystesn.

1. BaselineFCS
The pilots generally found the baseline controketysto have a reasonable response with respecthén external
load configurations they have flown and did notfthe responses objectionable:
“Control responses are reasonable” — Pilot 1
“Dynamics are appropriate to task” — Pilot 2

The lateral reposition task was found to be thetmdif§cult with the external load:
“Better behaved longitudinally than laterally” 4d?i2
“Lateral reposition task is more difficult if nobticipating load motion” — Pilot 3

The pilots also found that the load swing tendedaose a velocity response that was not as smoathhat the
load took a long time to damp out:

“More difficult to maintain speed when starting reamer while load is still swinging” — Pilot 3

“Load takes considerable time to damp out, but admesffect workload” — Pilot 1

“Must accept load oscillations and correct for w#tpchanges due to load swing” — Pilot 4

2. Damping FCS
The pilots immediately noticed that the load dampexde quickly:
“Load motions damp very quickly as compared to liase— Pilot 3
“Work load roughly same as baseline, but Idachps out more quickly” — Pilot 1

The tasks were generally considered easier orahee s baseline, but the pilot must give up soméra@oto the
attitude control system:
“Control is not fine grained, but direction and sgef vehicle easier to control” — Pilot 2
“Overall maneuver is easier to perform than baseli[Periodically] got into load oscillations aggated by the
pilot during deceleration and had to back out efltop” — Pilot 4
“Longitudinal and lateral repositioning tasks aesier but pilot must give up a lot of control” HoP3

The uncommanded attitudes used to damp the loaidmsovere found to be very unnatural by tffep8ot:
“Unnatural response, can get positive roll anglidwiegative lateral inputs at times” — Pilot 3
“Treat the control system like ‘Attitude Suggestias opposed to attitude command” — Pilot 3
“Must take myself out of the loop and let the afttake care of the load” — Pilot 3

3. Pilot Handling FCS
This control system was found to provide a morblsteesponse:
“More stable velocity response” — Pilot 1
“Load is more active but a/c is not as driven by toad dynamic, the attitude is more stable eliengh the
load is swinging” — Pilot 2

Pilot #3 found this response to be much more nbtliaa the damping control system:
“Aircraft is doing the same thing | want to do witie attitude, so more comfortable” — Pilot 3
“Very natural response” — Pilot 3

All four pilots felt that tasks were easier to cdetp as compared to the baseline and damping eoafigns:
“Good position hold, vehicle response is smootirilet 1
“By far the best performance of the three configores” — Pilot 2
“This configuration was the easiest to fly, almasteasy as without an external load” — Pilot 3
“Slightly easier to perform tasks than damping aunfation, much better than baseline configuratierPilot 4
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C. Statistics
The piloted cutoff frequency is an indication oéthandwidth of the pilot's inputs. The pilot cutdféquency

@) is the half power frequency associated Wiji" in Eq. (19).

o«

2
1
o} = { Gy (w)dw | [%] =05 (19)

The input autospectrur®;; is calculated via FFT of the input signal withiet8IFER software’*

For external load operations, it has been obseahatdhe pilot cutoff frequency is typically beldie load mode
for larger LMRs (including the LMR of 0.25 used &grindicating that the pilot adopts a control &gy to avoid
exciting the load motiofA.This implies that the pilot cannot fly aggressjvalith external loads which have long
slings and thus low natural frequencies. This nmait khe ability to fly some tasks successfully.

The results of the pilot cutoff frequency studyigade that the load damping control system has ehnfmwer
pilot cutoff frequency than either the baselinepdot handling control systems in both the latgfaly. 23) and
longitudinal axes (Fig. 24). This would indicatelianinished capability to achieve the same aggressiss as the
other two designs, which is consistent with th@tpdomments indicating this configuration is nogferred. The
pilot handling FCS had a consistently higher pioteitoff frequency in both axes than the other mdmstystems. In
the longitudinal axis, most of the frequencies arach lower than in the lateral axis. However, theoff
frequencies for the three control systems in tingitodinal axis still follow the same trend as thateral axis. These
results indicate that the pilot handling contradteyn allows the pilots to be more aggressive ewehe presence of
the load motion. This is consistent with the pdotnments indicating that this was the preferredigamtion.

Lateral Pilot Cutoff Frequencies
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Figure 23. Lateral pilot cutoff frequencies.
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Longitudinal Pilot Cutoff Frequencies
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Figure 24. Longitudinal pilot cutoff frequencies (pilot 1 did not perform thistask).

IX. Discussion

The results of the analytical and pilot simulati@sults are consistent with a trade-off betweemdliag
gualities and load damping for cable angle feedlmaxcitrol laws. The piloted comments shows a prefardor a
cable angle feedback configuration that reduces dibpth of the notch associated with the aircrafituate

attenuation at the load modAMAG) over the baseline and load damping configuratidimvever, for precision
load placement, there are clearly operational atdems to being able to quickly damp load motiontematically,
despite the cost paid in maneuvering handling gasliAs an example of the benefits of load dampkig. 25
shows the lateral reposition maneuver from thedfikased piloted simulation (Pilot #3). In the fig& seconds of
the record, the pilot accelerates to ~10kts, tedaslacross the runway, and decelerates to hovénelrecovery
phase, which starts at about 30 seconds for alkthases, the pilot is attempting to hold a sthbier. The load
damping case has no load swing nearly immediatitdy hover is achieved. The other two control lastif have
significant load swing when the record ends. Ttaa Idamping control laws would clearly be usefuh# load was
being delivered to a precise target location, wiier¢he 79ft sling used herein even a seeminglglsfive degrees
of load swing (in a steady hover) causes 7ft of lwanslation along the ground.

Lateral Cable Angle During Lateral Reposition
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Figure 25. Lateral cable angleduring lateral reposition maneuver in fixed based simulator.
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There are two solutions to this fundamental tréidethe first is to choose a compromise design Wwhig
somewhere between the pilot handling and load dagnpiases, but is not optimal for pilot handling load
damping. The second solution is to switch betw&encobntrol laws in a task tailored strategy. Thisld be either a
pilot selectable or an automatic load damping switear hover but would default to the pilot hangllaontrol laws
during maneuvering. This task tailored method woerdure that the control laws are optimal for thekt but
comes at the cost of added complexity due to gdieduling considerations.

X. FuturePlans

The next phase of this research will develop d lpasitioning control system for precision loadgelaent,
which integrates the task tailored method of sviftighbetween load damping and pilot handling cabigle
feedback control laws. This will enable the pilotrhaneuver using the pilot handling control systdran at low
speed switch to load damping control laws withgtiek in detent. This should improve time and eafsprecision
load placement as well as improve handling qualiiie external load operations.

The final phase of this work will be to tesesle concepts in flight aboard the UH-60 RASCAL biywire
aircraft. This will determine whether it is feagildnd beneficial to measure load motions and wesa tbr feedback
parameters in a fly-by-wire control system. Thedigng qualities will be tested via the ADS-33E-PRi5sion task
elements and Cooper Harper ratings will be coltkcte

Xl.Conclusions

The importance of carrying external loads with ¢abters calls for improved control systems to halpimize
pilot workload during these operations. An attitim®mmand explicit model following control systemttwcable
angle feedback was designed using multi-objectipénozation to meet hover/low speed handling qiesit
requirements, disturbance rejection and stabiligrgims. The pilot handling cable angle feedbaakirod system
were tested in simulation and determined to be awvgx over the baseline and load damping contraksys The
main conclusions of the paper are:

1) The drawbacks of the conventional fuselage feedibaokrol system are degraded handling qualitiesRHQ
<4), and low lateral phase margins near the loademo

2) Cable rate feedback provides damping to the logparese. However, load damping is associated with po
aircraft attitude response, and was not preferyeithé pilots due to the uncommanded attitudesrésatlt in
order to damp the load motions.

3) Cable angle feedback combined with fuselage feddpemvides improvement in the fuselage response of
the aircraft, improving the load handling qualitiaad making the aircraft easier to fly.

4) Lateral pilot cutoff frequencies higher or equathie load mode natural frequency can be achiewedalle
angle feedback in simulation, which allows the fpilo fly more aggressively and are associated with
improved pilot comments.
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