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Active Control of Gimballed Rotors Using Swashplate
Actuation During Shipboard Engagement Operations

Jonathan A. Keller* and Edward C. Smith?
The Pennsylvania State University, University Park, Pennsylvania 16802-1401

An analysis has been developed to investigate the feedback control of gimballed rotor systems using swashplate
actuation during transient shipboard engagement operations. The equations of motion for a rigid, three-bladed
gimballed rotor system were derived using a Newtonian force summation method. Aerodynamic forces were
simulated with a blade-element linear attached flow model. The resulting equations of motion were time integrated
along a specified rotor-speed profile. A time domain linear-quadratic-regulator optimal control technique was
applied to the equations of motion to minimize the transient rotor response. The physical limits of collective and
cyclic pitch inputs in both magnitudeand rate were enforced. The maximum transient gimbal tilt angle was reduced
by as much as 56 % with full knowledge of the ship air-wake environment and 42 % with only partial knowledge of
the ship airwake environment. Increasing the physical limits of collective and cyclic pitch inputs achieved up to a

70 % reduction in the maximum transient gimbal tilt angle.

Nomenclature

= state matrix

control matrix

damping matrix
two-dimensional lift curve slope
blade chord

disturbance vector

force vector

vertical aerodynamic force
gravity

identity matrix

blade second mass moment of inertia
quadratic performance index
stiffness matrix

Kalman gain matrix

hub spring stiffness

pitch-flap coupling parameter
mass matrix

aerodynamic moments
blade-root flapping moment
number of blades

state weighting matrix

blade radius

control-effort weighting matrix
radial coordinate

final-state weighting matrix
blade first mass moment of inertia
control system-actuator transformation matrix
time

final time

blade section velocities

control vector
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Vwop = wind-over-deck velocity
V., Vy, V- = mean ship air-wake velocities
v = bias vector
x = state vector
Xac = actuator displacement vector
i = bladeflap angle
Brnax = rotor maximum gimbal tilt angle
B, = blade precone angle
Bic. Bis = lateral and longitudinal cyclic flap angles
O = effective blade twist
N = total blade section pitch angle
03, 01,01 = collective, lateral, and longitudinal
cyclic pitch inputs
o = air density
v = blade azimuth angle
Ywop = wind-over-deckdirection
Q = time-varyingrotor speed
Qo = fullrotor speed
Oa = aerodynamiccontribution
Ok = error contribution
Os = structural contribution
Q) = 9/t

Introduction

T the beginning of every helicopter mission, the rotor must
be accelerated from rest to full rotor speed and vice versa at
the end of every mission. This process is called the engagement
and disengagementof the rotor system. It is normally a very mun-
dane procedure when conducted in calm winds; however, when
conducted in an unusual flow pattern, such as that encountered
near a building or hangar, the rotor blades can occasionally gen-
erate appreciable aerodynamic forces. Combined with low rotor
speed and low centrifugal stiffening, excessive amounts of aeroe-
lastic flapping can occur. This problem occurs most often in a mar-
itime environment. For articulated and hingeless rotors, which uti-
lize relatively flexible blades, potential contact between the blades
and the fuselage is the primary concern. For gimballed tiltrotors,
which utilize relatively stiff blades, contact between the blades
and the fuselage is quite unlikely; however, impacts between the
hub and the restraint mechanism are still possible. In this case
excessive transient loads in the blades and pylon are the primary
concern.
Previous engagement and disengagement research has been
conducted at the University of Southampton,'-¢ Penn State
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University,-° McDonnell Douglas,'® and Georgia Tech."

Primarily, this research has been focused on the prediction of the
transient blade behavior and loads in various airwake conditions.
Initial research into the control of the transient blade behavior
using several passive methods has been completed at Penn State
University.'>-'* To date, little research has been conducted using
active control techniques.

Objectives

In this paper an analytic feasibility study is conducted to de-
termine the effectiveness of using a time-domain active control
system during the engagement of a gimballed rotor to reduce the
transient gimbal tilt angle. The proposed time-domain controller
uses feedback from the measured blade motion to actuate the pri-
mary control system inputs. The effectivenessand robustnessof the
controller in different air-wake conditions will be assessed. In ad-
dition, the effect of the physical limits of the control system will be
examined.

Approach

In this sectionan abbreviatedderivationof the equationsof motion
forarigid, gimballedrotoris presented. A full derivationis presented
in Ref. 14. Compared to most articulated rotor blades, gimballed
rotor blades are relatively short and stiff. In addition, the blades
are rigidly attached to each other through the rotor hub and pivot
as a rigid body about a universal joint. The majority of the cyclic
flappingmotion is causedby the rigid-bodymotion of the entirerotor
systemaboutthe hub, not the elastic motion of the blades. Therefore,
arigid blade assumption is more justified for a gimballed rotor than
for an articulated rotor for the current analysis. A schematic of the
gimballed rotor is shown in Fig. 1.

The individual blade flapping moment about the hub is given by

R

M; — _LB; _ L, +/ F.rdr _ Spyg (1)

0

The individual blade flap angle can be written in terms of the fixed-
frame flap angles as

Bi — Bp + Bic cos ¥, (1) + Bis sin¥; (¢) 2)

Summing the individual blade moments about the rotor hub yields

Np

Z M; cos¥; (1) — KpBi.

Np

ZM; sin¥; (1) _ KpPBis (3)

The individual blade equations of motion are then transferred into
two rotor equations of motion for the fixed frame degrees of free-
dom. Premultiplication of all remaining terms by 2/ N, and nondi-
mensionalizingby 1,23 yields

ﬂlc ﬁlc ﬂlc MAv
e

Fig. 1 Gimballed rotor
schematic.

The structural mass, damping, and stiffness matrices are given by

M 1 0 c 2SZ(t) r0 1
5=[0 1}’ TETQ |1 0}
2Kp Q> ]
NoL,S%
K, _ (5)
_Q(l‘) 2K/3
QB NebSY

The aerodynamic moments about the rotor hub are assumed to
consist of contributions from the vertical aerodynamic force only.
Blade-sectionaerodynamic pitching moments are notincluded. The
aerodynamic moments are then approximated by

Np R
Z / F.rdrcosV,;(t)
a1
N R
Z / F.r dr sin¥; (¢)
¢ o

For this analytic feasibility study the vertical aerodynamic force is
derived using a two-dimensional, quasi-steady, linear aerodynamic
model and is approximated by

Ma. 2 ©6)
{MA).} ~ N1,

F. ‘;‘PCCla(QUU% _UPUT) (7)
The total blade pitch angleis a function of the control system inputs,
built-in twist, and the pitch-flap coupling
0y _ 045 + 01 cos ¥; (1) + 01, sin¥; ()

+01w(r/R_ii) _kpg(:B[ _ﬂp) (8)
The blade-section velocities in the shaft plane are given by

Ur _ Qr + sin ¥; +V cos ¥;

Up —rBi 4 (VicosV¥; _ V,sin¥)p; _ V- ©)

In this analytic study the mean ship air-wake velocities are defined
using simple deterministic expressions, derived from model-scale
measurements correlated with limited full-scale measurements.
The constant and linear air-wake distributions,shown in Fig. 2, are
examined in this study. The in plane mean ship air-wake velocities
for both distributions are defined as

V. — Vwop cos WWODa Vy — _Vwop sin WWOD (10)
The constant and linear air-wake distributions are differentiated by
the out-of-plane mean ship air-wake velocity, which is given by

{K Vwob constant

& Vwop (r/R) sin[¥; _ (/2 _ Ywop)] linear (11)
where « defines the maximum out-of-plane mean ship air-wake ve-

locity in terms of the wind-over-deck speed. Substitutionof Eqs. (7—
11) into Eq. (6) yields

MAv ﬂlc ﬂlc
- _C _K F 12
{MA).}_ A{ﬁlx} A{ﬂlx}+ . (12)
The aerodynamic damping and stiffness matrices and force vector

are dependentupon the number of blades and the air-wake distribu-
tion and are given in Ref. 14. Combining like terms in Eqgs. (4) and

(12) yields
ﬂic ﬁlc ﬂlc
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Fig. 2 Schematic of a) constant and b) linear air-wake distributions.

Optimal Control Theory

The final equations of motion are then transferredinto state-space
form. Because the rotor acceleration, speed, and azimuth angles are
nonperiodic functions of time, the resulting state-space equations
are linear time variant

x _AWx  BOu  dt) (14)

The state vector and input vector are defined as

X — {ﬁlc ﬂls ﬁlc ﬁls}T’ u _— {975 91c le}T (15)
Note thatthereis an additionaltermd in the state equation. Typically,
this term is called the “disturbance” and is often used to represent
external noise. That is not the case in the current analysis. Here the
disturbance term is a known quantity and arises from aerodynamic
forces generated by anythingother than the pilotcontrolinputs, such
as blade twist and out-of-plane winds.

Because the equations of motion are time variant, traditional fre-
quency domain control approaches, such as pole placement, are in-
effective. Instead, a time-domain linear quadratic regulator control
method is used."”> A quadratic performance index is defined as

1 1
J_ ExT(tj')S(tj')x(tj')+E/; «'Qx Lu"Ru)dr  (16)

The matrix S(¢ ;) weights the final state, Q weights the time variation
of the state, and R weights the control inputs. These matrices are
user specified. The matrices § and Q are symmetric and positive
semidefinite, and R is symmetric and positive definite.

Assuming the final state is free, the matrix Ricatti equations
(MRE) can then be used to solve for the time variation of S:

_S_A"S  SA_SBR-'B'S | Q A7)

Given S(7f), the MRE are then solved backward in time for S. The
Kalman gain matrix is then given by

Ko _R-'B’S (18)

Because the weighting matrix S varies in time, then so does the
Kalman gain matrix. Because of the disturbance term in the state
equation, an additional time-varying bias term exists in the MRE.
The time variation of the bias term is given by

_v_(A_BKo)'v  Sd (19)

where v(17) is zero. This equation is also solved backward in time
for v. The closed-loop optimal control vector is then given by

u_ _Kox _R'B™y (20)

The second term in the equation is caused by the disturbance term.
The response of the closed-loop system is then given by

x_(A_BKs)x _BR'B'v . d (1)

Given an initial state, this equationcan be integrated forward in time
for the optimal state trajectory.

Control System Limits

On modern rotorcraft actuators are used to control the move-
ments of the swashplate and the control system inputs. The relation
between the motion of the actuators and the control system inputs
is given by

U — Tuc Xuc> # — Tuc Xuc (22)

Swashplate actuators typically have limits in magnitude and rate.
These limits are enforced in the current analysis. In the time inte-
gration of the closed-loopresponse, if any of the calculated optimal
control inputs are greater than the maximum allowable control in-
puts, the maximum allowablecontrolinputs are used. Therefore, this
study was not conducted as a constrained optimization problem.

Results

Using the simple analysis outlined in the preceding section, a
study is conducted to determine the effectivenessof using feedback
from the gimbal tilt angles to the control system inputs to minimize
the flapping response of a three-bladed gimballed rotor. The time
history of the rotor response and required control system effort will
be examined. A useful metric of the rotor response is the maximum
tilt angle of the rotor and is expressed as

ﬂmax =] \/ﬂIZC + ﬂlzs (23)

The angle at which the hub would contact the gimbal restraint is
called B,. Contact between the gimbal and the restraint is not en-
forced in this model; however, comparison of the maximum gimbal
tilt angle to the gimbal restraint angle provides a useful measure of
excessive tilt.

The properties of the gimballed rotor model are loosely based
on the V-22 Osprey rotor system and are listed in Table 1. The
engagement rotor-speed profile for the gimballed rotor is assumed
an offset sine wave, reaching 50%NR in 10 s and full rotor speed in
20 s. As seen in Fig. 3, this assumption approximates the measured
rotor-speed profile for a H-46 Sea Knight. The gimballed rotor used
in the analysisalsohas severallimits on the allowable control sy stem
inputs.Itis assumedthe collectivepitchhas a lower limitof _7.5 deg
and an upper limit of 54 deg. The lateral cyclic pitch has assumed
limits of 410 deg. Furthermore, it is assumed that each of the linear
hydraulicactuatorshas maximum extension/fetractionrate limits of
47 in./s. The actuator transformation matrix is given by

0.2275 0.0 _0.2627
To — | 02275  0.2275 0.0 (o/in) (24)
0.2275 _0.2275 0.0
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Table1 Rigid Gimballed Rotor System Properties

Parameter Value

Number of blades, N 3
Mass moment of inertia, I, 742.6 slug—ft2

Full rotor speed, €29 397 rpm
Radius, R 19 ft
Gimbal restraint angle, B, 11 deg
Gimbal spring stiffness, Kpg 250 ft-1b/deg
Effective blade twist, 6y _475
Pitch-flap coupling, k4 0.274
Precone, B, 2.5 deg
100
L 1)
80
i [1]
60
Q [ H-46 Experimental
(%NR) F Assumed Offset Xperimenta
° I Sine Wave Data
40 \
20
0 1 L 1 1 1 1 I 1 I 1 I I 1
0 5 10 15 20

Time (s}

Fig. 3 Rotor-speed profile.

Optimal Control System Results

Rotor engagements were simulated in the constant and linear
air-wake distributionsin 30-kn bow winds. The response for the un-
controlledrotor system was generated assuming zero control inputs.
For the initial analysis the control system weights were set at values
of S(ty) _0, Q —4l, and R _I5. No weighting is needed on the
final state of the system because the gimbal tilt naturally decreases
as the rotor nears full speed and full centrifugal force.

The results in the constant air-wake distribution are shown in
Figs. 4a—4c. For the uncontrolled case the rotor would initially
be in contact with the gimbal restraint at 11 deg (not enforced in
this model). Even at zero rotor speed, enough aerodynamic forces
are generated to significantly tilt the rotor. On two other occa-
sions, at ¢ 3.2 and 4 s where the rotor speed is between 6 and
10%NR the rotor would also tilt far enough to contact the restraint.
For the optimally controlled rotor the maximum gimbal tilt an-
gle was reduced to 6.4 deg. The controller also automatically ad-
justed the control inputs to reduce the initial gimbal tilt angle to
5 deg. The lateral cyclic pitch setting stays well within its lim-
its throughout the engagement, but the collective pitch setting just
reaches its lower limit of _7.5 deg at r _3 s. The actuator ex-
tension rates are also very close to reaching their limits between
t_2and4s.

The results in the linear air-wake distribution are shown in
Figs. 5a-5c. The maximum gimbal tilt angle is much lower in the
linear air-wake distribution than in the constant air-wake distribu-
tion. The uncontrolled rotor reaches a maximum gimbal tilt angle
of 8.6 deg. For the optimally controlled rotor the maximum gimbal
tilt angle has been reduced by 56% to 3.8 deg. All of the control sys-
tem inputs are well within their limits throughout the engagement.
Although the gimbal tilt angle and control system inputs are lower
than in the constant air-wake distribution, the actuator extension
rates are actually larger. The actuators repeatedly reach their maxi-
mum extensionrates between f _ 3 to 6 s. This is a consequence of
the nature of the linear air-wake distribution, in which the vertical
flow component changes from upward on the windward side of the

15 T ; T
No Control
— — Optimal Control
| —y
10 |
Bmax
(deg) N
7
57 <~ \
\
\ -~
URAYA
~
0 . L
0 1 2
Time (s)
a)
20 i T ; : :
_675 = _e1c -_615
e1
40 fommmm el Y Cmar_

Time (s)

b)

10 { ——Actuator #1 T 7 T
= = Actuator #2
== Actuator #3

Time (s}

c)

Fig. 4 Time histories of a) maximum gimbal tilt, b) control inputs, and
¢) actuator extension rates in constant air-wake distribution.

rotor to downward on the leeward side of the rotor. In this case the
actuators are forced to respond with a higher amplitude and speed
than in the constant air-wake distribution, where the vertical flow
does not change across the rotor disk.

Relaxation of Control System Limits

In the preceding simulations the response of the gimbal was pre-
dicted while enforcing the control system limits. In the constant air-
wake distributionthe minimum collectivepitch setting was reached,
whereasin the linearair-wakedistributionthe actuatorextensionand
retraction limits were reached. If the control system limits could be
relaxed, the response of the rotor system could be minimized further.
This also allows the relative weight of the matrix Q to be increased.
In this section the response of the rotor with relaxed control sys-
tem limits and an increased weight of Q from 414 to 104 will be
examined.
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Fig. 5 Time histories of a) maximum gimbal tilt, b) control inputs, and
¢) actuator extension rates in linear air-wake distribution.

The rotor response in the constant air-wake distribution is shown
in Figs. 6a—6¢. The maximum gimbal tilt angle has been reduced
from 6.4 deg for the original optimal control settings to 3.9 deg
with the relaxed control system limits and increased weighting. The
original lower limit on the collective pitch setting of _7.5 deg is
justbriefly exceeded. The largestchangeis in the actuator extension
rates for actuators #1 and #3, which reach nearly 410 in./s for brief
periods.

The rotor response in the linear air-wake distribution is shown in
Figs. 7a—7c. The maximum gimbal tilt angle has been reduced from
3.8 deg for the original optimal control settings to 2.6 deg with the
relaxed control system limits. This represents a reduction of 70%
compared to the uncontrolled rotor. The actuator extension rates
increase to nearly 410 in./s between 7 _3 to 5 s. This coincides
with the period in which the largest gimbal tilt angles occur for the
uncontrolledrotor.

415 {—No Contro! T r
= = Optimal Control, O=4I;
== Optimal Control, O=10IJ
I W
10 |
Bmax
(deg) N
- /7
57~~~ \
N
\ -
—— AVANAR
\“ . "'\_‘\ ,’\
(AR - 1\ \
)
o T T NV
0 1 2 3 4 5 6
Time (s)
a)
20 T v v T T
|_875 __eﬂ: _815I
10 b
PR
" 0 -0 /\\\""\/‘I\’\“lg\\
(deg) _/
=10 7
— N/
20 \ . 1 . 1
0 1 2 3 4 5 6
Time (s)
b)
10 . I T T T
Actuator #1 A
— — Actuator £2 "l old X
-— Actuator #3 _" T“’u e

Time (s)

c)

Fig. 6 Time histories of a) maximum gimbal tilt, b) control inputs,
and c¢) actuator extension rates in constant air-wake distribution with
relaxed control system limits.

Suboptimal Control Results

The simulationscompletedin the precedingsectionsassumed that
the ship air wake in the plane of the rotor disk was completely known.
Mathematically,aerodynamicforce terms that are largely dependent
upon the ship air-wake velocities appearin the A, B, and d state ma-
trices. These state matrices are then used to calculate the Kalman
gain matrix K¢ and bias term v. Realistically, complete knowledge
of the ship air-wake environmentis highly unlikely. However, most
ships have anemometers that measure the relative wind speed and
direction of the oncoming air. As shown schematically in Fig. 8,
these anemometers are often located above the flight deck on a
mast. The anemometers could be used to obtain an estimate of the
wind speeds on the flight deck in the plane of the rotor disk. It is un-
likely that an accurate estimate of the out-of-planewind speed could
be made with the ship anemometer. In this section the suboptimal
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Fig. 7 Time histories of a) maximum gimbal tilt, b) control system
inputs, and c) actuator extension rates in linear air-wake distribution
with relaxed control system limits.

Fig. 8 Ship anemometer schematic.
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Fig. 9 Time history of maximumgimbaltilt angle in constant air-wake
distribution with suboptimal control.
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No Control
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== Sub-optimal Control
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Fig. 10 Time history of maximum gimbal tilt angle in linear air-wake
distribution with suboptimal control.

response of the rotor system is investigated. In this context the term
suboptimal is used to denote the response of the rotor in which the
Kalman gain matrix K¢ and bias term v are calculated assuming the
in-plane wind speeds are known and the out-of plane wind speed is
zero. The original control system weights and limits are used in the
investigation.

The response of the rotor system using suboptimal control in the
constant air-wake distribution is shown in Fig. 9. The maximum
gimbal tilt angle using optimal controlis 6.4 deg, whereas the max-
imum gimbal tilt angle using suboptimal control is 8.4 deg. This
still represents a significant reduction from the uncontrolled case.
The response of the rotor system using suboptimal control in the
linear air-wake distribution is shown in Fig. 10. The uncontrolled
rotor reaches a maximum gimbal tilt angle of 8.6 deg. The maxi-
mum gimbal tilt angle using optimal controlis 3.8 deg, whereas the
maximum gimbal tilt angle using suboptimal control is 5 deg, or a
reduction of 42% from uncontrolled case.

The ship anemometermight notnecessarily give an accurate mea-
sure of the ship air-wake velocitieson the flightdeck. The anemome-
ter is often not physicallylocated near the flight deck, and depending
on the ship type the ship airwake over the flight deck might be dif-
ferent than at the anemometer location.

In this sectionthe sensitivity of the suboptimalrotorresponseto an
inaccurateanemometerreadingis investigated.Itis assumed that the
anemometer measurementhas some error relative to the actual wind
speed and direction on the flight deck. The incorrect information
from the anemometer is then used to form incorrect state matrices.
These incorrectstate matrices are then used to calculatean incorrect
Kalman gain matrix and bias vector. The actual response of the rotor
is then formed from the true state matrices, but the incorrectoptimal
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Fig. 11 Time history of maximum gimbal tilt angle in linear air-wake
distribution with a) underestimation of wind speed and b) overestima-
tion of wind speed.
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Fig. 12 Time history of maximum gimbal tilt angle in linear air-wake
distribution with a) overestimation of wind direction and b) underesti-
mation of wind direction.

control vector
XE =AxE +BME +d (25)

The response of the rotor system with an error in the measurement
of the wind speed only is shown in Figs. 11aand 11b. In general, the
maximum gimbal tilt angle is increased when the wind speed is un-
derestimatedand is decreasedwhen the wind speedis overestimated.
For a measurementunderestimationof 20 kn, the maximum gimbal
tilt angle increases from 5 to 6.2 deg. However, this still represents
a reduction of 29% from the uncontrolled case. For a measurement
overestimation of 20 kn, the maximum gimbal tilt angle actually
decreases from 5 to 4.5 deg.

The response of the rotor system with an error in the measure-
ment of the wind direction only is shown in Figs. 12a and 12b.
In general, the maximum gimbal tilt angle is decreased when the
measured wind direction is more in the counterclockwisedirection
and increased when the measured wind speed is more in the clock-
wise direction. For a measurement underestimation of 30 deg, the
maximum gimbal tilt angle decreases from 5 to 4.8 deg. For a mea-
surement overestimation of 30 deg, the maximum gimbal tilt angle
increases from 5 to 6 deg. However, this still represents a reduction
of 30% from the uncontrolled case.

Conclusions

This paper examined the control of the flapping response of a
rigid, gimballedrotor system during an engagementoperationusing
feedback from the motion of the rotor to the swashplate actuators.
The ship air-wake model was assumed to consist of two different
types of deterministic air-wakes, and aerodynamic forces were cal-
culated using a two-dimensional, quasi-steady, linear flow model.
A linear-quadratic-reguhtor optimal control method was used to re-
duce the flapping of the rotor system. With full knowledge of the
ship air-wake velocities, the flapping response of the rotor system
was reduced by as much as 56% within the current physical limita-
tions on the control system. If the control limits were relaxed, the
flapping response of the rotor was reduced by as much as 70%. With
only partial knowledge of the ship air-wake velocities, the flapping
response of the rotor system was reduced by as much as 42%. The
sensitivity of the rotor response to errors in the ship air-wake mea-
surements was also examined. The rotor response with errors in the
ship air-wake measurement of 20 kn and 30 deg was still at least
30% lower than without any control.
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