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A control method is proposed to reduce vibrations in helicopters using ac-

tive trailing-edge flaps on the rotor blades. The novelty of the method is that

each blade is controlled independently, taking into account possible blade dis-

similarities. This is different from previous control approaches that assumed

blades were identical and generated a single control input which is applied with

adequate phase shift to each blade.

The controller is developed in discrete time, with the control inputs updated

every rotor revolution. The method consists of performing simultaneous system

identification (using Kalman filtering technique) and closed loop control (using

a deterministic control law) at each time step. For the system identification,

different inputs are applied to each blade, and the relationship between the

individual blade inputs and the resulting loads in the fixed frame is estimated

on-line, assuming a linear-time-periodic model of the helicopter.



A comprehensive rotor analysis, including all blade degrees of freedom and

a free wake model for computing the inflow across the rotor disk, was used to

investigate the controller performance in detail. The rotor model is based on

a modern bearingless rotor that includes detailed modeling of trailing edge flap

effects. The controller performance was tested at advance ratios from µ = 0.10

to µ = 0.40, both for a baseline rotor with identical blades and a damaged rotor

with dissimilar blades. In the case of the dissimilar rotor, comprehensive analysis

predicts that allowing independent control inputs for each blade dramatically

improves the vibration reduction compared to restricting the control inputs to

be specific phase shifted versions of each other. For example, at µ = 0.30, the

vibration index is reduced by over 90% using individual inputs, compared to

only 45% using phase-shifted inputs, for both structural and aerodynamic blade

dissimilarities. Required flap deflections are similar for both methods, around

±2.5◦.

In order to test the controller experimentally, a Mach-scale rotor model was

fabricated. The rotor model consists of 4 blades with piezo-ceramic actuated

trailing edge flaps. A new type of hinge using flexures was designed to improve

the flap articulation and incorporated in each blade.

The smart rotor model is then fitted on a bearingless model-scale hub and

tested both on a hover stand and in the Glenn L. Martin wind tunnel. Both

rotating-frame as well as fixed-frame vibratory loads were targeted in the closed-

loop control tests. These tests demonstrate the controller’s ability to account

for blade dissimilarities and generate different optimal inputs for each blade.

For example, in hover, at 500 RPM, the 1/rev bending moment at the root of

three of the blades was simultaneously reduced by 77% using three active blades.



In forward flight, the controller could simultaneously reduce the baseline 4/rev

fixed frame vibration as well other harmonics of vibration such as 1/rev and 3/rev

arising from blade dissimilarities. It was also possible to minimize vibration in

the fixed frame for several loads simultaneously. However, for most control tests,

increases in other loads (not included in the control objective) were observed.

During most closed loop tests, the maximum allowable input to the actuators was

reached. It was found that the method used to account for actuator saturation

and maintain actuator input within acceptable limits had an important effect

on controller performance. The best controller performance was obtained when

control inputs are computed by solving the constrained minimization problem.

However, this procedure is very time consuming and could not be implemented

in real-time with the available computer.

It can be concluded that accounting for blade dissimilarities using individual

inputs for each blade results in improved vibration reduction. However, to max-

imize the benefits of this control scheme, an efficient, practical method to limit

control inputs needs to be devised.
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Chapter 1

Introduction

1.1 Background

Helicopters are unique in their capability to hover, take off and land vertically,

and perform low speed maneuvers, in addition to conventional cruise in forward

flight. Because of their mission flexibility, they provide unparalleled capability

for search and rescue missions, peace-keeping and combat operations, as well as

the promise for a convenient mode of runway independent transportation. The

source of this unique capability is the main rotor system, which generates lift

and thrust, as well as provides most vehicle control forces simultaneously. How-

ever, the unsteady aeromechanical environment of the main rotor is a source

of enormous fuselage vibration. For example, 90% of fuselage vibrations for

the UH-60 helicopter originates from the main rotor. This vibration level is

over 100% higher than the target value [1]. Reducing vibration levels of the

helicopter would have many benefits such as reducing maintenance cost by in-

creasing the fatigue life of critical structural components, reducing crew fatigue,

improving crew awareness and reliability, and improving community acceptance

by increasing passenger comfort.
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1.2 Helicopter Vibrations

Most of the vibration and noise in the helicopter originates from the main

rotor. In forward flight, the rotor blades encounter a highly complex flow field in

the advancing and retreating sides of the rotor disk. This is due to time varying

pitch angles, the unsteady vortex wake in the flow field, and their mutual effects

and interactions with blade passage. Rotor blades encounter strong transonic

effects at high speed, Blade Vortex Interaction (BVI) at low speed, dynamic

stall at high disk loading, especially during high acceleration pull-ups and diving

turns. The unsteady wake effects are due to the presence of the tip vortices in the

flow field. This complex and unsteady aerodynamic environment combined with

the structural dynamic response of the long, flexible rotor blades undergoing

large deformations in flap, lag, and torsion, results in large oscillatory blade

loads. These loads are then transmitted to the fuselage via the rotor hub shaft

and pylon assembly.

1.2.1 Vibrations caused by Blade Dissimilarities

When the blades are identical (tracked rotor), the rotor hub acts as a filter

and only kNb/rev harmonic loads occurring at the hub are transmitted to the

fuselage (where Nb is number of blades and k is an integer). On the other hand,

if the blades are dissimilar or damaged, significant non-kNb/rev loads are also

transmitted to the helicopter fuselage (illustrated in Fig. 1.1). Even without

apparent damage, minute dissimilarities under normal operating conditions can

increase the fuselage vibration level. For example, in one typical recorded flight,

2/rev and 6/rev vertical vibration account for 19% and 5% of total pilot seat

vibrations of the UH60A at a high speed flight [1].

Imbalance of the rotor blades originates from two primary sources: (1) inertial

imbalance, and (2) aerodynamic imbalance. Inertial imbalance is caused by
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Figure 1.1: Fixed frame loads for a dissimilar rotor

differences in mass and/or mass distribution between the rotor blades, and occurs

when the center of inertia does not coincide with the rotational axis of the rotor.

This results in a 1/rev radial force at the hub. The aerodynamic imbalance

occurs when the aerodynamic forces and moments acting on the rotor differ

from one blade to another blade. This can be due to differences in blade twist,

airfoil shape, or blade drag characteristics. Aerodynamic imbalance causes the

dynamic structural blade response to differ, and as a consequence, different blade

tips do not follow the same path. In this case, the rotor is said to be “out of

track”.

1.3 Vibration Reduction Mechanisms

High vibration translates directly into high maintenance and operating cost

and degrades crew and systems effectiveness. Therefore, there is a need of passive

and active control devices to reduce vibrations.
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1.3.1 Passive vibration control methods

Traditionally, vibration reduction is achieved by passive means such as pen-

dulum absorbers [2–4] or modal placement methods [5, 6]. The main disadvan-

tage of passive methods is that they have limited effectiveness over a narrow

range of operating conditions. Vibration suppressors can be easily installed at

critical points inside the fuselage, and do not require detailed knowledge of vi-

bration sources. However, they are associated with large weight penalties and

degrade rapidly away from the tuned flight condition. Vibration absorbers can

also be installed directly on the rotor hub, and can be self-tuning with the rotor

speed. However, in addition to a large weight penalty, they create an increase

in parasite drag. Other passive methods such as aeroelastic optimization [7] and

composite couplings [8] do not have any weight penalty but the vibration reduc-

tion achieved is at most 10 to 40% at a particular flight condition. The target

reduction level for the next generation rotorcraft is one order of magnitude lower

than current levels and this could be achieved by an active control mechanism.

Several approaches of active control have been investigated by researchers, which

can be efficient over a wide range of operating conditions and result in limited

weight penalty. In the following sections, three control techniques are discussed:

Active control of structural response (ACSR), Higher Harmonic Control (HHC),

and Individual Blade Control (IBC).

1.3.2 Active control of structural response

Active control of structural response (ACSR) is a method to reduce vibra-

tions in the helicopter cabin using high authority actuators at critical locations in

the fuselage. A practical drawback of this method is that it requires a detailed

model of the coupled rotor-fuselage dynamics in order to determine the opti-

mal placement of actuators for maximum vibration reduction. Two helicopter
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manufacturers have implemented the ACSR method: for example, Westland he-

licopters on the production EH-101 [9, 10] and Sikorsky on the S-76 [11] and

S-92 [12] helicopters.

ACSR implements control in the fixed frame of the helicopter. Active control

methods in the rotating frame have greater flexibility because they eliminate

vibration directly at its source, and do not need to be redesigned with changes in

airframe or crew station layout. In addition, they offer significant benefits, such

as performance enhancement and stall alleviation. They are implemented by

actuating the rotor blades at higher harmonics of the blade frequency of rotation

to generate unsteady forces, which when properly phased counteract existing

vibratory air loads. Several implementation techniques have been considered,

described in the following sections.

1.3.3 Higher Harmonic Control

Higher Harmonic Control (HHC) uses actuation of the non-rotating swash-

plate to change the pitch angles of rotor blades to reduce vibration. The swash-

plate is actuated at a frequency of Nb/rev in both collective and cyclic (longitu-

dinal and lateral) modes. A Nb/rev collective input results in Nb/rev variation

in blade pitch angle, while a Nb/rev cyclic input results in (Nb − 1)/rev and

(Nb +1)/rev variation in blade pitch angle. Blade pitch variations in turn result

in mostly (Nb−1)/rev, Nb/rev and (Nb+1)/rev harmonics in the rotating frame

loads, which are the dominating harmonics contributing to the fixed frame vibra-

tion (for a rotor with identical blades). Therefore, only Nb/rev input is desired

for Nb/rev vibration reduction.

HHC has been demonstrated to reduce vibrations through numerical simula-

tions [13–17], model and full scale wind tunnel tests [18–21], as well as full-scale

flight tests [22–24]. Typical pitch input requirements are smaller than 3 degrees.
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Although substantial vibration reduction was achieved using HHC at several

flight conditions, two major disadvantages of this method are: (1) the high actu-

ation power required to force the rotor blades at Nb/rev and (2) the large weight

penalty associated with the increased authority hydraulic actuators. Moreover,

an additional drawback comes from the fact that only Nb/rev excitation of the

swashplate is practical for reduction of the Nb/rev vibration in the fixed frame.

However, other control objectives such as stall alleviation or blade loads reduc-

tion may require excitation of the blades at other harmonics [25]. This is not

possible using HHC, since non-Nb/rev swashplate excitation would result in the

pitch variation with azimuth to be different from blade to blade. This in turn

would create a large 1/rev in the fixed frame. An extension of the HHC tech-

nique was therefore developed to improve on these limitations, termed as IBC

(Individual Blade Control).

1.3.4 Individual Blade Control

The term IBC was first introduced to refer to a control technique that uses

blade root actuators in the rotating frame to individually control each blade

pitch [26]. More generally, the term IBC can be used for any control method

that uses a system in the rotating frame to modify blade loads and achieve the

control objective. The main advantage of the IBC technique is that it makes

it possible to control each blade independently at any frequency (within the

actuator bandwidth), not just integer multiples of the rotor frequency (1/rev).

Thus, time domain control can be implemented, for example with a feedback

loop for each blade in the rotating frame. In addition to vibration reduction,

the IBC concept can be extended to other important applications, such as noise

reduction, lag damping augmentation, and stall, flutter suppression.
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1.3.5 IBC using blade pitch actuation

The first implementations of IBC were developed with other objectives than

vibration reduction. An early study by Kretz [27] used a rotor with two blades,

each controlled independently by actuators located in the fixed frame, to alleviate

instabilities at high advance ratios. Another study by Guinn [26, 28] described a

helicopter main rotor control design with blade actuators in the rotating frame,

which would provide the 1/rev blade pitch input required for trim and control,

independent of a swashplate.

Significant work on IBC was conducted by Ham [29–31]. The IBC system

used hydraulic actuators mounted on the pitch links to independently control

each blade. A control system was also designed, based on modal decomposition

of blade dynamics, that used feedback of on-blade measurements to control the

response of the blade first elastic flatwise mode.

Considerable effort has been devoted towards the practical implementation

of IBC systems in the helicopter industry. Three of the key efforts are:

(1) A hydraulic actuator IBC system was developed and extensively tested

both in wind tunnel and in flight on a B0105 helicopter [32–37]. Single

frequency, open loop tests were conducted on this 4-bladed hingeless rotor.

Significant reduction of vibration and noise levels was observed using a

2/rev blade pitch angle.

(2) A cooperative research program by ZF Luftfahrttechnik (ZFL) in Germany,

NASA Ames Research Center, and Sikorsky led to the development of a

similar blade root actuation system to provide independent blade control.

This system was installed on the Sikorsky UH-60 and is currently under

experimental investigation [38, 39].

(3) Recently, an experimental IBC system was developed, extensively tested,
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and certified in Germany (ZFL) for the CH-53G [40, 41]. For this 6-bladed

articulated rotor, promising results have been obtained in open loop con-

trol. For example, more than 60% vibration reduction was achieved locally

without any increase in other locations, using a 5/rev IBC input. Noise

reduction and reduction of required rotor power were also demonstrated

using 2/rev IBC inputs. Closed loop control tests are currently underway

to reduce several parameters simultaneously.

Thus, the IBC technique shows considerable potential to achieve diverse ob-

jectives, not only vibration reduction but also noise reduction and rotor perfor-

mance enhancement. However, IBC using blade pitch actuation does present

important drawbacks: it requires a heavy and complex hydraulic slip ring, as

well as large actuation power to pitch the entire blade.

This naturally led to the idea of using on-blade actuation in order to palliate

these drawbacks while retaining the advantages.

1.3.6 IBC using on-blade actuation

Both the HHC and the IBC methods described in the previous section modify

blade airloads by varying the pitch angle of the entire blade. This is not an

efficient way of producing the desired changes in airloads, because the inboard

sections of the blade lie anyway in a region of relatively low dynamic pressure,

and do not contribute significantly to the airloads.

On-blade actuation methods alter the high dynamic pressure airloads at the

outboard stations. They include active flaps, active twist and active blade tip.

Active Flap

On-blade flaps are generally classified as plain flaps and servo-flaps. Deflect-

ing a flap produces a local change in lift and pitching moment. A plain (or
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trailing-edge) flap produces mainly a change in local lift, while a servo-flap (or

moment flap) produces mainly a change in pitching moment which indirectly

results in a change in elastic blade twist.

On-blade flaps have been used in the past for primary flight control. For

example, Kaman helicopters [42, 43] use on-blade servo-flaps to control blade

pitch. Kaman also investigated the use of servo-flaps for vibration reduction [44,

45]. In this study, steady and 1/rev deflections were controlled by the swashplate,

while 4/rev control was introduced by electrohydraulic actuators in the rotating

system. Flap deflections of up to ±6 degrees were achieved at 4/rev, resulting

in significant vibration reduction.

Recently, the potential of active plain flaps for vibration reduction was inves-

tigated on model-scale, four-bladed rotors at McDonnell Douglas [46–48], where

the flaps were driven by a cam and cable linkage, and at Sikorsky [49], using

rotating frame hydraulic actuators.

In addition to experimental studies, extensive analytical studies [50–54] have

been performed. Using a model of the active flap, these studies predicted a level

of vibration reduction comparable to conventional IBC while using moderate

input angles.

However, the weight and complexity of the actuation system remains a major

barrier to the practical implementation of this technique in real helicopters.

Successful development of smart material actuators in recent years has re-

newed interest for on-blade actuation IBC technique [55–57]. The smart material

actuators are light weight, compact, and have low power requirement. Thus, they

present a considerable potential for improved vibration control, noise control and

performance enhancement.

Smart materials used for actuators respond to an external field (electric, mag-

netic, or thermal) and generate an induced strain in the host structure. Among

smart materials, piezoelectric materials are particularly attractive because they
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are compact, light weight and have a high bandwidth. When a piezoelectric

material, such as a piezoceramic, is exposed to an electric field, it undergoes

mechanical deformation, which can then be transmitted to the structure. Piezo-

ceramics are generally produced in the form of thin sheets or fibers that can be

embedded in a structure. A review of the state of the art of smart structures

and integrated systems can be found in Reference [58]. Considerable research

has been devoted to the development of a smart actuation system for helicopter

rotors.

Piezoelectric materials can also be used to actuate flaps. Extensive research

has been conducted at the University of Maryland on model scaled rotors using

piezo-bender elements [59–61]. Piezoelectric benders consist of two or more

piezoelectric sheets stacked together such that actuating layers on opposite sides

of the neutral axis results in opposite strains: the opposite strains then cause the

entire bender to flex. After improvements on the original design, up to ±4◦ flap

deflections were obtained at rotor speed of 1800 rpm [62]. Closed loop Mach-

scaled control tests in wind tunnel demonstrated dramatic vibration reduction in

the 4/rev fixed frame loads. Researchers at MIT and NASA have investigated the

use of piezo-bender actuated flaps on a model scale rotor, resulting in improved

actuator designs [63, 64]. The smart rotor was tested both in hover and forward

flight at reduced tip speeds. Deflection of ±5◦ were obtained at 760 rpm, which

could alter significantly the blade torsion and flap bending loads. Modifications

of the conventional straight piezo bender have also been proposed, such as the

C-Block actuator [65, 66].

Another type of actuators uses piezoelectric stacks, constructed by laminating

multiple piezoelectric layers. Piezo-stacks offer greater actuation force at the

cost of lower displacements. Several designs for stroke amplification have been

proposed, resulting in actuators such as such as the X-frame actuator [67–69].

This actuator was integrated in a Mach-scale blade with trailing edge flap and
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tested in hover.

Active Twist

Piezoelectric materials can be embedded in rotor blades and actuated to

produce a controllable blade twist. This technique was implemented by Chen

and Chopra [70–72], by embedding piezoelectric monolithic elements at +45◦

under the upper skin and −45◦ under the lower skin of the rotor blade. Blade

tip twist amplitudes of ±0.25◦ were achieved, and significant changes in the hub

loads were measured. Another way to induce blade twist is to integrate active

piezoceramic fibers in a resin matrix to create a composite material (Active Fiber

Composite, ACF) [73–76]. When this composite ply is cured in a +45◦/ − 45◦

orientation on the blade, actuation results in a linear twist along the blade.

Several research teams have tested the active blade twist concept using ACF on

model scale rotors [77–79], achieving tip blade twists of up to ±1◦.

Active Blade tip

Bernhard and Chopra [80–82] proposed an actuation mechanism using a

bending-torsion coupled composite beam with piezoceramic sheets bonded on

its surface. Actuating the beam in bending results in a tip twist, which was

used to rotate a moving blade tip (10% of blade span). A Mach-scaled model

was built, and up to ±2.8◦ deflections were obtained at 2000 rpm in hover. This

resulted in over 50% variation in the steady rotor thrust level at 8◦ collective.

Full-scale implementation

While most experimental investigations have been based on model scale ro-

tors, some effort has been made toward full scale implementation of smart struc-

ture actuators for on-blade control of helicopters. Eurocopter is developing two
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types of smart actuators: piezo-ceramic actuators combined with a 15% chord

flap integrated in modified BK117 blades [83, 84], and electromagnetic actuators

combined with a 25% chord flap integrated in a modified Dauphin blade seg-

ment [85, 86]. Fink [87] used an electromagnetic actuator to drive a 46% chord

flap on a OH-58 Kiowa Warrior rotor blade. At McDonnell-Douglas/Boeing [88–

90], a detailed feasibility study was conducted for a full scale active flap. The

flap is to be integrated in a MD900 Explorer rotor blade and is actuated by

a scaled up version of the X-frame actuator described above. This rotor was

successfully tested in hover and is currently being prepared for forward flight

testing. Lee and Chopra [91] developed a bi-directional flap actuator driven by

piezostacks, based on lever arm amplification. The actuator was designed to

deflect a trailing edge flap on a blade section of a full-scale MD900 helicopter.

This section model was successfully tested in the wind tunnel (non-rotating) and

in the vacuum chamber (rotating).

1.3.7 Reducing vibration caused by rotor imbalance

The vibration reduction approaches described in previous sections assume

identical rotor blades, and do not consider the additional vibration which arises

when blades are dissimilar. The IBC approach, either through complete blade

feathering or using some on-blade actuation system, allows each blade to be

controlled independently, and therefore can be used to reduce vibration aris-

ing from blade dissimilarities (at non-kNb/rev frequencies). However, existing

control methodologies do not make use of this capability. They use the same

phase-shifted control inputs to all blades, assuming a tracked rotor (identical

blades). Instead, separate methods have been developed to minimize vibration

caused by rotor imbalance. These methods can be divided into two groups,

manual adjustments methods, and active in-flight methods.
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Manual adjustments methods

The magnitude of rotor imbalance can be minimized during manufacture

and assembly by imposing tight tolerances. However, such a procedure leads to

high manufacturing cost. Also, even with blades properly matched, subsequent

warping and play in the pitch and sweep angle adjustment linkages may result

in substantial imbalance.

Inertial imbalance is usually corrected by adding mass to one or more of the

blades. Aerodynamic imbalance is often corrected by adjusting a pitch link that

is attached to the blade and rotor hub. The pitch link is a manually adjustable

variable-length link. Varying the length of the pitch link results in changes in

pitch angle at the blade root, causing that particular blade to follow a different

path. Another method uses plastically deformable tabs provided on the trailing

edge of each rotor blade. The tabs extend the trailing edge about one inch for

a section of the blade span. Bending the tabs changes the effective camber of

the rotor blade and thus changes the aerodynamic forces it generates. Trim

tabs and/or pitch link lengths are set when the rotor is stationary. The rotor is

then subjected to a series of whirl tests during which the track of each blade is

determined either manually, using a marking device at the blade tips, or using

sensors to detect vibrations transmitted to the helicopter fuselage. The rotor

is then stopped and tabs or pitch link lengths are adjusted iteratively until

acceptable tracking is obtained.

A major problem with this approach is that it requires highly skilled trained

personnel. Also, because tab position and pitch link length can vary over time,

this procedure must be performed periodically, which results in a significant

increase in helicopter down-time and operating costs. Also, the method is ap-

proximate and is based on the assumption that unwanted vibrations originating

from imbalance will be minimized when all blade tips follow the same path.
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Moreover, a tracking adjustment that is optimum in hover may not be optimal

for other flight conditions.

Active in-flight methods

Considering the various drawbacks of manually adjusting track, efforts have

been devoted towards developing systems capable of making in-flight tracking

corrections. For instance, the Kaman SH-2G Super Seasprite and K-MAX heli-

copters [42, 43], as well as the Bell 214ST have the ability to perform track ad-

justments during flight. The Seasprite and K-MAX use an electro-mechanically

actuated servo-flap, while the Bell helicopter uses an electro-mechanical actua-

tor between the pitch horn and the pitch link to adjust the pitch of the blade.

The tracking device in both rotorcrafts is embedded in the primary flight control

linkage, and therefore needs to be robust and heavy. As a result, a large weight

penalty is a common drawback of these approaches.

As in the case of active vibration reduction research, the recent development

of smart materials has allowed actuator systems to be proposed for in-flight ro-

tor tracking adjustment. The advantage of using smart material actuators is

that the control system is light weight and can be decoupled from the primary

flight control system. For example, McKillip [92] proposed using a remotely

controllable trim tab system actuated by shape memory alloy material (SMA).

A SMA material can be plastically deformed at room temperature and, when

heated to a higher temperature, the material returns to its original undeformed

shape. Other researchers also proposed and tested systems for in-flight track-

ing of helicopters that used SMA actuators for flap deflection [93–96]. Another

system proposed by Hall et al. [97], employs a trailing-edge flap, and a piezo-

electric actuator for deflecting the flap. Recently, a novel approach for providing

1/rev vibration reduction was developed, which used SMA-actuated two-position
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tracking tabs [98]. This system was installed and successfully tested on a Bensen

autogiro.

1.4 Control Strategies for vibration reduction

For reduction of the baseline kNb/rev vibration, all blades are actuated in

the same manner when they pass through a particular azimuth. In other words,

there is a precise 2π
Nb

phase shift between actuation signals from blade to blade.

This mode of control is illustrated in Figure 1.2. It can be readily seen that

using such phase shifted inputs to reduce vibration caused by blade dissimilarity

is inefficient. Indeed, because of the filtering role of the rotor, the vibratory loads

generated in the fixed frame by blade actuations will be dominantly Nb/rev. The

generated non-Nb/rev vibratory loads will be small, because it originates from

the small rotor imbalance (Figure 1.3). Therefore, a very large command input

would be necessary to see some effect on the vibration caused by rotor imbalance,

and it would most likely lead to actuator saturation. On the other hand, if the

blades are actuated independently, the differences in airloads produced on each

blade would lead to significant non-Nb/rev vibratory loads being generated at

the hub,and it may be possible to target both Nb/rev and non-Nb/rev vibratory

loads using a small actuator command input, as illustrated in Fig 1.4.

1.4.1 Review of Previous Control Algorithm

The first effort that used active control for vibration in helicopter rotors was

by Kretz et al. [99]. McCloud and Kretz [100] in a follow up work tested the

HHC method of active control on a full-scale jet-flap rotor in the 40×80 ft wind

tunnel. This work examined the response of the blade loads and vibrations in the

rotating frame to HHC. The concept of a linear, quasi-static representation of the
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Figure 1.2: Phase shifted control scheme for an identical bladed rotor
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Figure 1.3: Phase shifted control scheme for a dissimilar bladed rotor
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Figure 1.4: Independent control inputs for a dissimilar bladed rotor

responses (including the notation T for the transfer matrix) was introduced. The

transfer matrix was evaluated from the wind tunnel data by the least-squares

method. The open-loop control required to minimize a quadratic performance

function was then calculated. It was shown that substantial fuselage vibration

reduction can be obtained using HHC. The concept of using periodic inputs to a

rotor blade control device to counteract the periodic vibratory loads in general

referred to as multicyclic control.

McCloud [101] further advanced the idea of using transfer matrices for mul-

ticyclic control, for a four bladed, articulated, controllable-twist rotor. The

transfer matrix concept was used to determine the HHC input magnitudes and

phases required to minimize the sum of the squares of the vibratory loads. The

algorithm was subsequently tested on a full-scale rotor in two wind tunnel tests.

It was shown that the HHC could substantially reduce not only the rotor blade

bending loads, but also the Nb/rev vibration at the fuselage stations instru-

mented with accelerometers. This work clearly established the validity of using

the linear transfer matrix representation. However, this work also showed the
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the transfer matrix was not invariant with airspeed, but rather was strongly

dependent on the flight conditions. Shaw and Albion [19] in a later study con-

firmed these findings from the observations gathered from testing a model-scale

four bladed hingeless rotor.

Shaw and Albion [19] also demonstrated the feasibility of designing a closed-

loop, HHC vibration control system which obtains a deterministic control law

based on the linear transfer matrix concept. However, to be effective at several

flight speeds, a method had to be devised to adapt or re-identify the transfer

matrix elements with each flight condition. A Kalman filter was adopted for this

purpose and was found to be quite successful in low-speed flight. However, in a

later work, which tested a three bladed scaled CH-47D rotor, Shaw [102] showed

that the same level of vibration reduction (up to 90% reduction) can be achieved

even when using transfer matrices identified offline. These findings favored the

off-line identification method compared to the Kalman filter approach. Indeed,

several other researchers also have reported problems when using the classic

Kalman filter approach for system identification.

Johnson [103] reviewed the state of the art of the class of self-tuning mul-

ticyclic algorithms. The basic single input/ single output algorithms were de-

rived and demonstrated. Most controllers proposed by previous researchers were

described ranging from the simplest open-loop time invariant controller to an

adaptive closed loop controller with online identification. One of the primary

conclusions of this work was that even a fixed gain closed loop controller with

the feed back of the measured vibration would provide good performance under

suitable conditions.

Chopra and McCloud [104] numerically examined the controllers discussed by

Johnson [103] using a multiple input/multiple output simulation. The open loop

time invariant system was reported to be effective only for a limited range of op-

erating conditions. Also controller parameters estimated for one flight condition
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was found to give poor performance when applied to another flight condition.

The closed loop fixed gain controller was found to be effective under low noise

conditions. Algorithms that involved real-time estimation of the uncontrolled

vibration levels and system parameters were also evaluated in this work.

DuVal et al. [105, 106] proposed a new vibration controller to implement

Higher Harmonic Control, which used the state feedback approach. This ap-

proach has considerable theoretical differences compared to the multicyclic con-

trol approach pioneered by Shaw [19, 102]. In this approach, the states in which

vibration is to be suppressed are passed through undamped oscillators that are

tuned to resonate at the target Nb/rev frequency. This is equivalent to placing

an infinite weight on the Nb/rev part of vibration. A dynamic model of the ro-

torcraft was used and was combined with the standard linear-quadratic-gaussian

(LQG) technique to obtain a set of feedback gains that insured stable control

action. The potential advantages of state feedback over adaptive multicyclic

approach are :

1. Elimination of the on-line identification process.

2. Elimination of the harmonic analysis of blade loads and responses.

3. Ability to accurately predict stability of the controller from linear system

theory

4. Chances of better control authority in maneuvering flight conditions

However, this approach has a drawback of requiring a dynamic model of the

rotorcraft, which in most cases is quite approximate. Also the dynamic model

would be aircraft specific compromising the generality of this method. Also, the

success of this method is yet to be demonstrated for a range of flight regimes.

The study performed by Du Val et al. [105] considered only the hovering flight

condition.
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Hall and Wereley [107, 108] compared the performance of the conventional

discrete-time multicylic controller with a continuous-time state feedback con-

troller. They derived the continuous-time equivalent of the HHC algorithm based

on the T-matrix formulation and showed that it is essentially similar to the algo-

rithm based on frequency shaped cost function introduced by DuVal et al [105].

They also concluded that implementation of HHC in continuous time rather

than discrete time may significantly improve stability, while there would be only

marginal improvement in performance.

Kottapalli [109] developed a neural network based controller to reduce vibra-

tory hub loads. The hub loads were characterized in this case using a metric

that consisted of five vibratory hub load components obtained from a wind tun-

nel test of a four bladed rotor with individual blade control. The single input

single output neural network controller devised was constrained to converge in

six iterations and not use any gradient based optimization technique. The algo-

rithm was reported to be successfully converging to the global minimum within

six iterations without using gradient based optimization techniques. This work

also compared this control algorithm with a classical one-step deterministic con-

troller and concluded that the two methods were roughly comparable, with the

neural net control being slightly more robust.

Recently, Spencer [110] developed a real-time neural network based feedback

control system that adaptively activates rotors with smart materiel actuators

for vibration reduction. The controller was designed to be capable of broadband

activation which necessitated a time domain solution rather than a frequency do-

main solution as in the case of multicyclic control. The controller developed was

tested in a simulated study of four bladed Sikorsky S-76 and five bladed Boeing

MD-900 rotors with on-board trailing edge flaps. The proposed algorithm was

reported to be insensitive to actuator dynamics and has shown better perfor-

mance in vibration suppression compared to frequency limited higher harmonic
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approaches. Wind tunnel tests were conducted for two Mach scale smart rotor

systems that used two different actuation devices, a trailing edge flap [62] and an

active tip twist [111]. The controller was reported to be robust and possessing

the capability to adaptively learn to control the rotor vibrations with no a-priori

information.

Recently, closed-loop wind tunnel tests on a 4-bladed Mach scale rotor us-

ing piezo-bimorphs actuated trailing edge flaps were conducted in the Glenn L.

Martin wind tunnel [62]. This actuation system successfully minimized 4/rev

hub loads by over 90% for steady and transient flight conditions. A neural net-

work based adaptive controller was used where the controller assumed identical

blades [112–114]. As a result, large 1/rev loads arising out of rotor dissimilar-

ities could not be controlled. Any attempt to target these non-kNb/rev loads

led to excessive flap requirements. This resulted in saturation of actuators and

enormously degraded control performance. In the present study, a new control

methodology is used which takes into account blade dissimilarities and reduces

both kNb and non-kNb/rev loads [115].

1.5 Motivation and Objectives

Despite considerable amount of progress in control algorithms and imple-

mentation of the control systems on the actual aircraft, the dream of completely

reducing the vibrations to obtain a jet smooth aircraft is still far fetched. One

of the primary reasons is the inability to reduce all harmonics of rotor vibra-

tion simultaneously. Most of the vibration control approaches assumed identical

blades and hence were able to affect only the Nb/rev harmonic of the vibration.

Therefore, the primary goal of this dissertation is to devise a control scheme

which can affect all the harmonics of rotor vibration. To this end, three major

objectives are:
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1. Develop a control scheme which considers blade dissimilarities to find op-

timal actuation for each blade individually. Because this scheme allows

each blade to have an independent actuation, it has the ability to affect

non-Nb/rev harmonic as well as Nb/rev harmonics of the hub loads.

2. Investigate the performance of the controller analytically using a com-

prehensive rotor craft analysis (UMARC [116]) as the helicopter model.

Analysis would include mathematical modeling of blade dissimilarities and

modeling of control scheme that uses active trailing edge flaps. The con-

troller would be tested for different flight regimes and variation in blade

dissimilarities.

3. Investigate the performance of the controller experimentally using a smart

model scale rotor. The model rotor blades would be built and would in-

corporate an active trailing edge flap that is actuated by a piezo electric

bimorph. The design of the flap system will be optimized to maximize

control authority.

1.6 Organization of the Dissertation

This dissertation is organized in three parts. In the first part, the control

algorithm is described (Chapter 2) and its performance investigated using a com-

prehensive rotor analysis (Chapters 3 to 5). In the second part, the fabrication

process of a set of Mach scaled blades equipped with piezoelectric bender ac-

tuated trailing edge flaps is described (Chapter 6). In the third part, results

of tests conducted in vacuum chamber, on hover stand, and in wind tunnel are

presented (Chapters 7 and 8).
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Chapter 2

Control Algorithm

2.1 Introduction

A control algorithm is developed to achieve vibration reduction in the spe-

cial case when the rotor blades have dissimilarities, resulting in non-kNb/rev

harmonics in the fixed frame hub vibratory loads.

In theory, reduction of fixed system vibratory loads can be achieved by us-

ing the same control inputs to all blades with the appropriate phase. However,

when the rotor is dissimilar, the required trailing-edge flap deflection angles for

minimization may become too large [62]. Because some degree of rotor dis-

similarity is always present, it is necessary to control each trailing-edge flap

individually. In order to control the blades independently, it may be necessary

to obtain individual information from each blade. In view of the complexities

associated with acquiring rotating frame data, the present control scheme is de-

signed to use exclusively fixed frame measurements to extract individual blade

information. To this effect, different control inputs are applied to each blade,

as illustrated in Figure 2.1. Different control inputs respectively generated for

each blade can attempt to minimize both the baseline kNb/rev vibration and the

dissimilarity-induced non-kNb/rev loads. It is then possible to extract individual
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blade information from the knowledge of the fixed frame load measurements and

the individual flap control inputs, as explained in the following.

2.2 Algorithm for individual blade control

The linear quasi-static model relating the response vector F to the multicyclic

pitch vector δ through a transfer function is described as :

F = F0 + T δ (2.1)

F is a vector representing the fixed system hub loads sampled over one rotor

revolution at Ns azimuthal points; F0 represents the uncontrolled fixed system

hub forces and moments; δ is a vector containing the Nb individual flap inputs,

and T is a (6Ns) × (NbNs) transfer matrix. Note that this model assumes that

the fixed system hub loads are periodic. For a 4-bladed rotor, Eq. (2.1) can be

written as:


Fx

Fy

Fz

Mx

My

Mz




=




Fx0

Fy0

Fz0

Mx0

My0

Mz0




+




T11 T12 T13 T14

T21 T22 T23 T24

T31 T32 T33 T34

T41 T42 T43 T44

T51 T52 T53 T54

T61 T62 T63 T64







δ1

δ2

δ3

δ4




(2.2)

The fixed system hub loads are numbered from 1 to 6 in the order shown in

Eq. (2.2). Each transfer matrix Tlk is a (Ns) × (Ns) matrix relating the lth hub

load Fl to the flap input δk to blade k. In the case of perfectly identical blades,

for any load Fl, there exists a relationship between the transfer matrices Tlk and

Tlk+1:

Tlk+1 = S Tlk (2.3)
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where S is a matrix operator that permutes the transfer matrix rows:

S =


 0 Ip

Iq 0


 (2.4)

with p = (Nb − 1) Ns

Nb
and q = Ns

Nb
.

Using this global model, the identification problem involves determination of

the transfer matrix, given the control inputs and measured vibration outputs.

The transfer matrix varies with helicopter operating conditions (e.g., thrust, air-

speed). Therefore, the identification method should be made on-line to track the

transfer matrix in real-time. In the present study, the Kalman filter method is

used. It is a computationally efficient algorithm designed to update parameter

estimates recursively on the basis of a single measurement. Although the un-

controlled vibration vector F0 can be obtained from measurements with no flap

control inputs, it should be estimated along with the transfer matrix T because

it will vary with flight conditions and helicopter characteristics. Eq. (2.1) can

then be rewritten as:

F = [TF0]




δ

1


 (2.5)

At any iteration n, the typical form for the jth measurement is (measurement

model):

(Fj)n = [δn 1]




(Tj)
T
n

(F0j)n




= Hn xn + vn (2.6)

= zn

where (Tj) is the jth row of T . Following the notations used in Ref. [124],

zn is the measurement vector, xn is the state vector to be estimated, and Hn

represents the measurement matrix. The measurement noise vn is also included
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in the measurement model, and is assumed to be a zero-mean, white sequence

of constant covariance r. For simplicity, the subscript j is omitted in these

notations. Because the loads are periodic and sampled over one rotor revolution,

the state vector dynamics (system model) is assumed quasi-static and is written

as:

xn = xn−1 + wn−1 (2.7)

where wn−1 is the process noise, assumed to be a zero-mean, white sequence

of constant covariance Q. Based on the measurement and system models, the

Kalman filter discrete equations for updating state estimates are written as:

Kalman gain matrix :

Kn = Pn−1Hn
T [HnPn−1Hn

T + r]−1 (2.8)

Error covariance update :

Pn = [I −KnHn] [Pn−1 +Q] (2.9)

State estimate update :

xn = xn−1 +Kn (zn −Hnxn−1) (2.10)

Note that the Kalman gain vector Kn is same for all j measurements, so that

the unknown parameters [TF0] can be identified in a single step:

[TF0]n = [TF0]n−1 +


Fn − [TF0]n−1




δn

1




 Kn

T (2.11)

This represents an important reduction in computation time since Pn and Kn

are calculated only once for each time-cycle, and the computation of Kn only

requires inversion of a scalar. Once the state estimates are obtained, the optimal

control inputs can be determined.

In the present investigation, a deterministic controller is used. For this con-

troller, all the model properties are known from the identification algorithm. The
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individual multicyclic controls are based on the minimization of the performance

function J , expressed as:

J = JF + Jδ

JF = Y TWFY

Jδ = δTWδδ + ∆δTW∆δ∆δ (2.12)

where Y = F − (F0)mean

For simplicity, the subscript n indicating the iteration number is omitted. The

weighting matrices WF , Wδ, and W∆δ are applied to the output response, the

individual flap input controls, and the individual flap control rates, respectively.

Typically, these are diagonal matrices. Some diagonal elements of WF can be set

to zero to keep the corresponding vibration component uncontrolled. Wδ limits

the flap control amplitude, and W∆δ limits the control rate. The objective is to

minimize the weighted norm of vector Y , which represents the vibratory part of

the hub forces and moments: F is the vector of the fixed system hub loads and

(F0)mean is the vector of steady components for all hub loads. Therefore, when

Y is minimized, the vibratory part of each hub loads is minimized while the trim

conditions are still satisfied.

The optimal control input for each blade is obtained from the minimization

of the performance function J, which means ∂J/∂δ = 0. This results in the

optimal control solution in the form (for W∆δ = 0):

(δopt)n = −DT TWFYn (2.13)

where D = [T TWFT +Wδ]
−1

Note that the control vector δ contains the individual inputs for each trailing

edge flap. This means that if the blades are dissimilar, the control inputs to

each blade will differ, even in the case where only one blade is damaged. For
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example, for Nb = 4:

δopt =
{
δopt1 δopt2 δopt3 δopt4

}T
(2.14)

2.2.1 Controller using restricted inputs

A more intuitive control strategy [115] could be used whereby only the control

input corresponding to the damaged blade is different: For example, the following

constraints could be imposed to guide the choice of the optimal control inputs:

1) All blades should contribute to the same level in the reduction of the

kNb/rev fixed frame load (k > 1).

2) The more a blade is different from the average blade, the more it should

contribute to the reduction of the other harmonics of the fixed frame load.

3) If two blades are identical they should receive identical control inputs.

Using these constraints, an objective function to be minimized for each blade

could then be defined. In Ref. [115], a controller imposing the previous con-

straints was tested. The controller performance achieved for the reduction of

the vertical hub load alone was very good (99% reduction in 150 revolutions

without noise). However, the constraints were found to be too limiting in the

case of multiple loads control, leading to less vibration reduction.

2.3 Modifications for real-time application

2.3.1 Use of harmonics

The controller detailed in previous sections is based on description of vibra-

tion and control inputs as vectors of samples over one rotor revolution. This
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approach requires manipulation of large size matrices (for example, if Ns = 60

points per rotor revolution, with 6 hub loads and 4 blades, the T matrix’ size

is 360 by 240). It was used only for testing the controller analytically using a

comprehensive helicopter simulation code. When the controller is tested in real

time, harmonics are used instead of time samples to reduce the size of the ma-

trices in the identification problem. In that case, the linear quasi-static model

relating the response vector F to the input vector γ through a transfer function

is described as:

Fh = (F0)h + Th γ (2.15)

Fh is a vector representing the fixed system hub loads harmonics. (F0)h repre-

sents the uncontrolled fixed system hub forces and moments; γ is a vector con-

taining the Nb individual flap inputs harmonics, and Th is a (12Nh) × (2NbNh)

transfer matrix. The controller is then developed in the same way as before.

2.3.2 Computation of optimal inputs

Optimal inputs are computed based on the minimization of the performance

function J, which results in:

(γopt)n = −DT Th WFYn (2.16)

where D = [T Th WFTh +Wγ]
−1

Because the matrix D is symmetric positive definite, the conjugate gradient

method can be used to efficiently compute optimal weights, in order to decrease

computation time.
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2.4 Imposing limits on the control command

The weight matrix associated with the flap actuation, Wγ , is a diagonal

matrix. The choice of Wγ is important because it determines the amplitude

of the control command. It is desired that the control command reaches the

maximum allowed value, γmax.

There are several ways to impose this constraint on the flap actuation:

1. adjust (increase) the weights associated to the control inputs until their

amplitude becomes lower than the maximum bound.

2. Apply a scaling factor to the command inputs which exceed γmax.

3. Truncate the command input whenever it exceeds the maximum.

However, none of these approaches solve the real problem, which can be formu-

lated as:

γoptimal = min

maxt(γk) < γmax,

k = 1 to 4

{
‖F0 + T × {γ1 γ2 γ3 γ4}T − Fobj‖

}
(2.17)

where maxt(γk) signifies the maximum value of the control input for flap k ex-

pressed in the time domain over one revolution. This constrained minimization

problem can be solved using Matlab function FMINCON , which uses a se-

quential quadratic programming (SQP) method. In this method, the function

solves a quadratic programming (QP) subproblem at each iteration. An esti-

mate of the Hessian of the Lagrangian is updated at each iteration using the

BFGS formula [131, 132]. This method yields the best results (minimum objec-

tive function), however, it is too costly in computer time to use in a real-time

application.
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In Chapter 4, a simplified analysis is used to investigate controller perfor-

mance. A value is chosen for Wδ and no explicit limit is imposed on the magni-

tude of the flap deflection.

In Chapter 5, a comprehensive analysis is used. Limits of ±4 degrees are

chosen for the flap deflection, and imposed by increasing Wδ for the flaps which

exceed the maximum value.

In Chapters 7 and 8, a model scale rotor with active trailing edge flaps is

used to investigate experimentally controller performance.

Chapter 7 presents results when the control objective is a rotating frame load.

In this case flap effects on the target loads are decoupled and it is possible to

adjustWγ for each blade in order to maintain flap actuations below the maximum

value.

Chapter 8 presents results when the control objective is a combination of

fixed frame loads. In this case, flap effects are coupled and adjusting the weights

becomes too expensive in terms of computation time. Therefore, the scaling

and truncating methods are used. Identified transfer matrices and uncontrolled

vibration are used to create a model of the rotor in the experiment. Based

on this model, optimal control inputs are generated by solving the constrained

optimization problem defined in Equation 2.17, and compared to the control

inputs obtained by the other methods of applying limits.

2.5 Closed-loop identification problem

Closed-loop and open-loop system identification performance may differ sig-

nificantly. During open-loop identification, random excitation of the system

ensures that the system will always generate diverse enough outputs for correct

identification. In closed-loop identification, however, the control commands are

chosen to minimize helicopter vibration. As the controller approaches a steady-
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state optimal control solution, the control commands from one step to the next

will not be very different since they are nearly optimal. In this situation, the

identified parameters can prematurely converge to values different from the real

solution. Another problem can arise when the measurements are contaminated

with noise. As the controller reduces the vibration, the stage may be reached

where the noise begins to dominate the residual measured vibration signals. The

system identification algorithm may therefore erroneously attempt to identify a

matrix relating the small changes in control to the random changes in the mea-

surement signal. It should be noted that in some cases, vibration could be well

controlled even with a poorly identified transfer matrix. However, in other cases,

poorer identification resulted in seriously degraded controller performance, hence

it was necessary to improve the closed loop identification.

In order to improve the closed-loop control performance, random input angles

of small amplitude are added to the computed optimal control inputs when the

identified parameters approach their converged value. An index is defined to

quantify the parameter identification convergence, for each blade k, at iteration

n:

(Jconvk )n =
1

N2
s

Ns∑
i=1

Ns∑
j=1

|T (i, j)|n − |T (i, j)|n−1 (2.18)

When the convergence index for each blade becomes small enough, the computed

optimal inputs for each flap are applied without additional input.

Using this method, the results are presented in Figure 2.2, for open-loop

identification, original closed-loop identification, and modified closed-loop iden-

tification. These results are obtained for a dissimilar rotor. The mass of blade

4 is increased uniformly by 1%, while the mass of other blades is kept at the

baseline value. The figures on the left show a representation of the identified

transfer matrix for blade 1 (T1), after convergence. The matrix columns are

plotted versus the line number, the matrix size is Ns = 60. The figures on the
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right show the time history of the norm of the identified transfer matrices for

each blade. This norm is defined as:

|Tk| =
1

Ns

Ns∑
i=1

Ns∑
j=1

|Tk(i, j)| (2.19)

During open-loop identification (figure 2.2(a)), the inputs are random, en-

suring that the transfer matrices converge to the correct values. It is verified

that the norm of the transfer matrix corresponding to the identical blades 1, 2,

and 3 is equal, while it is different for blade 4. The relationship between T1,

T2 and T3 (equation 2.4) is also verified. Figure 2.2(a) also shows that the sys-

tem is not time invariant. For a time invariant system, each column of Tk is a

permutation of the first column, so that the columns have the same amplitude.

Figure 2.2(b) shows the closed-loop identification. The identified transfer matrix

after convergence is very different than the open loop identified matrix. This is

because convergence is reached too early, at iteration 110, when the control in-

puts converge. In this case, the final transfer matrix norms are different for all

four blades. Finally, Figure 2.2(c) shows the closed-loop identification, with the

modified scheme. It is seen that adding small random angles to control inputs

before convergence improves the transfer matrix identification, which becomes

similar to the open-loop case. The benefit of this system-probing method on the

identification performance is quite apparent in Figure 2.2. However, in this case,

the controller performance was not improved significantly: even with the poorly

identified transfer matrix from Figure 2.2(b), vibration was completely cancelled

after convergence of the control algorithm.
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Figure 2.1: Individual flap control scheme block diagram
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Figure 2.2: Open-loop and closed-loop identification
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Chapter 3

Comprehensive rotor analysis model

The comprehensive rotor analysis model used is the University of Maryland

Advanced Rotorcraft Code (UMARC) [116]. The sections that follow briefly

describe the mathematical modeling of the rotor blade dynamics, aerodynamics,

vehicle trim and the calculation of hub loads in UMARC.

3.1 Structural modeling

The blade is modeled as a slender elastic beam undergoing flap bending, lag

bending, elastic twist and axial deflections. Coupled nonlinear differential equa-

tions that are formulated for moderately large deflections are used (Hodges and

Dowell [117]). The geometric terms in the flap, lag, axial and torsion equations

are preserved up to the second order.

The blade is discretized into a number of beam elements, each consisting of

fifteen degrees of freedom. Continuity of slope and displacement is preserved for

flap and lag bending deflections between structural finite elements, while con-

tinuity of displacement is maintained for axial and torsional deflections. This

element insures consistent linear variation of bending moments and torsional mo-

ments and quadratic variation of axial force within each element. The degrees
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of freedom used are symbolically represented as u,v,v′,w,w′ and φ̂, which corre-

spond to the axial displacement, lag displacement, slope of lag displacement, flap

displacement, slope of flap displacement and the elastic torsional displacement

respectively. A Hermite interpolating polynomial (which preserves continuity of

slope and displacement) is used for the flap and lag deflections while a Lagrange

polynomial (which preserves continuity of displacement only) is used for axial

and torsional deflections. Using the interpolating polynomials, the distribution

of deflections over a beam element is expressed in terms of elemental nodal dis-

placements qi. For the ith beam element, the blade deflections are expressed as

follows:

ui(s) =




u(s)

v(s)

w(s)

φ̂(s)




=




Hu 0 0 0

0 H 0 0

0 0 H 0

0 0 0 Hφ̂



qi (3.1)

where s is the coordinate along the element and the elemental nodal displacement

vector qi is defined as:

qi = [u1, u2, u3, u4, v1, v
′
1, v2, v

′
2, w1, w

′
1, w2, w

′
2, φ̂1, φ̂2, φ̂3]

T (3.2)

The interpolating polynomials for the shape functions are given by

HT
u =




−4.5s3 + 9s2 − 5.5s+ 1

13.5s3 − 22.5s2 + 9s

−13.5s3 + 18s2 − 4.5s

4.5s3 − 4.5s2 + s




(3.3)

HT =




2s3 − 3s2 + 1

li(s
3 − 2s2 + s)

−2s3 + 3s2

li(s
3 − s2)




(3.4)
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HT
φ̂

=




2s3 − 3s+ 1

−4s2 + 4s

2s2 − s




(3.5)

where s = xi/li and li is the length of ith beam element.

Hamilton’s variational principle is used to derive the system equations of

motion. For a conservative system, Hamilton’s principle states that the true

motion of a system between prescribed initial and final conditions is that partic-

ular motion for which the time integral of the difference between the potential

and kinetic energies is minimum. The generalized Hamilton’s principle for a

non-conservative system is given by:

δΠ =

t2∫
t1

(δU − δT − δW )dt = 0 (3.6)

where δU is the virtual variation of strain energy and δT is the virtual variation

of kinetic energy. The δW is the work done by external forces. In the case of a

rotor blade the total energy is the sum of energy contributions for each of the

finite element used in the discretization. For instance, the elemental variation

of energy for the ith element (∆i=δU-δT -δW ) can be reduced to a matrix form

represented by

∆i = δqTi (Mbiq̈i + Cbiq̇i +Kbiqi − Fbi) (3.7)

where (Mb)i, (Cb)i, (Kb)i and (Fb)i are elemental mass, damping, stiffness and

load matrices, respectively. The elemental mass, stiffness and damping matrices

include contributions from axial deflections, flap bending, lag bending and elastic

torsion. For instance, the mass and stiffness matrix contributions resulting from

the flap degree of freedom (w,w′) can be written as:

[mij ] =

1∫
0

mHiHjds (3.8)
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[kij] =

1∫
0

(FAH
′
iH

′
j + (EIzsin

2(θ0) + [EIycos
2(θ0))Hi

′′H ′′
j ))ds (3.9)

where EIy and EIz are flexural rigidities in the longitudinal and transverse

directions, FA=
∫ 1

x
mxdx and θ0 represents the pitch angle at the blade sec-

tion corresponding to this finite element. The shape functions Hi correspond

to the Hermite polynomials presented in Eq. 3.4. All the variables are non-

dimensionalized, hence w actually implies the displacement non-dimensionalized

with blade radius. All the integrations in the above equations are conducted

using a six point Gauss quadrature formula.

The equation of virtual energy for the whole blade can be obtained by assem-

bling the elemental mass, stiffness and damping matrices to form global mass,

stiffness and damping matrices (Mb, Kb and Cb). The equation of virtual energy

for the blade can then be written as:

δΠ =

ψF∫
ψi

(Mbq̈ + Cbq̇ +Kbq − Fb)δqdψ = 0 (3.10)

As the virtual displacements δq in Eq. 3.10 are arbitrary, the integrand must

vanish. The motion of the blades is then modeled by the following second order

system:

Mbq̈ + Cbq̇ +Kbq = Fb (3.11)

An eigenanalysis is conducted on these matrices to determine the generalized

eigenvalues and eigenvectors. The eigenvalues are the square of the natural

frequencies of this system, while the eigenvectors represent the natural vibration

mode shapes.
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3.2 Aerodynamic Modeling

The blade response is dependent on the aerodynamic forces experienced by

the individual blades. The aerodynamic forces at any instant of time depend

on the acceleration, velocity and position in space of the rotor blade. There-

fore, mathematically they generate contributions to all the terms of Eq. 3.11.

This section describes the mathematical formulation for obtaining the contri-

butions from aerodynamic forces in mass, stiffness, damping matrices and the

load vector. Quasi-steady aerodynamic modeling is used here for explaining the

methodology. This can be replaced by more sophisticated models which include

inflow distributions from a free wake approach [118], look up tables for aerody-

namic coefficients, indicial models for unsteady aerodynamic forcing [119], and

dynamic stall model [120]. Using the quasi-steady aerodynamic modeling, one

could represent aerodynamic forces in the deformed frame of reference of a blade

section. In the quasi-steady approach, the normal (UP ), tangential (UT ) and ra-

dial (UR) components of the free stream velocity are calculated at each section of

the rotor blade. Blade motion and deformation are accounted for appropriately

in the calculation of these components. The final non-dimensionalized form of

the aerodynamic forces in the deformed frame of reference is given by :

(Lw)c =
γ

6a
(c0U

2
T − (c1 + d0)UTUP + d1|UP |UP ) (3.12)

(Lv)c =
γ

6a
(−d0U

2
T − (c0UP − d1|UP |)UT + (c1 − d2)U

2
P ) (3.13)

(Lu)c =
γ

6a
(−d0URUT ) (3.14)

Here, c0, c1 represent linear variation of Cl with angle of attack, d0, d1, d2

represent quadratic variation of Cd with angle of attack and f0, f1 represent

linear variation of pitching moment with angle of attack. The quantity γ is

the Lock number (ratio of aerodynamic forces to inertial forces) and a is the

lift-curve-slope.
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The aerodynamic forces in the undeformed frame are obtained by using the

orthogonal co-ordinate transformation:


(LAu )C

(LAv )C

(LAw)C




= (TDU)T




(Lu)C

(Lv)C

(Lw)C




(3.15)

Considering only the flap degree of freedom for simplicity, one could expand

aerodynamic contribution in the flap direction (LAw)C as follows:

(LAw)C = (LA)0 + (LA)L + (LA)NL (3.16)

where LA0 is the deformation independent aerodynamic forcing, LAL depends lin-

early on the blade motions and LANL is the non-linear contribution to aerody-

namic forcing by the blade elastic deformation. One could linearize Eq. 3.16

with respect to the degrees of freedom (w and w′) to give :

(LAw)C = (LA)0 + (LA)NL|0 + (Aw + AwNL)w (3.17)

+ (Aw′ + Aw′NL)w′ + (Aẇ + AẇNL)ẇ + Aẅẅ (3.18)

Equation 3.18 is the forcing function (right hand side) for the global mass, damp-

ing and stiffness matrices obtained from the finite element modeling of the rotor

blade. For the numerical stability of the aeroelastic analysis the motion depen-

dent terms of the linearized expression (e.g., Aw, Aẇ, etc.), are taken to the

left hand side. These represent the additional entries in the mass, stiffness and

damping matrices caused by aerodynamic forcing. Again, these contributions

can be partitioned into contributions from flap, lag, axial and torsion deflec-

tions. Using only the flap degree of freedom for simplifying the expressions, the
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aerodynamic mass, damping and stiffness matrices are given by:

(MA
b )i = −γ

6
li

1∫
0

HT
s AẅHsds (3.19)

(KA
b )i = −γ

6
li

1∫
0

(HT
s ((Aw + AwNL)Hs (3.20)

+ (Aw′ + Aw′NL)H ′
s))ds

(CA
b )i = −γ

6
li

1∫
0

HT
s (Aẇ + AẇNL)Hsd s (3.21)

Also, the forcing vector is given by

(QA
b ) =

γ

6
li

1∫
0

HT
s

(
(LA)0 + (LA)NL |0

)
ds (3.22)

where li is the length of the element under consideration and Hs are the shape

functions described in the previous section. The element matrices are assembled

to determine the global aerodynamic mass, stiffness and damping matrices and

the load vector which forms the right hand side. The full blade equations of mo-

tion are obtained by accumulating the structural and aerodynamic contributions

in mass, damping, and stiffness matrices.

3.3 Temporal finite element method

The finite element equation for the rotor blade after the spatial finite element

discretization is of the form:

M(ψ)q̈ + C(ψ)q̇ +K(ψ)q = F (q, ψ) (3.23)

This equation essentially represents an ODE system with time varying coef-

ficients that involves many degrees of freedom. To reduce the computational
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time, the equations could be transformed into the normal mode space. This sig-

nificantly reduces the degrees of freedom while preserving the underlying physics.

The blade natural vibration modes determined from the eigenanalysis are used

for this modal transformation. The blade displacement is assumed to be decou-

pled in space and time and is hence expressed as:

q = φ(x)pb(t) (3.24)

where φ is a matrix whose columns consist of the natural vibration mode shapes

and pb is the vector of normal mode coordinates. The ODE representing the

motion of the blade can be now transformed to the normal mode coordinates as

M̄p̈b + C̄ṗb + K̄pb = F̄ (3.25)

where

M̄ = φTMφ (3.26)

C̄ = φTCφ (3.27)

K̄ = φTKφ (3.28)

F̄ = φTFφ (3.29)

are the modal mass, damping and stiffness matrices and the load vector, respec-

tively. Again using the Hamilton principle and following the same approach as

that used to construct the spatial finite element method, the blade equation can

be rewritten as:
2π∫
0

δpb(M̄p̈b + C̄ṗb + K̄pb − F̄ )dψ = 0 (3.30)

Integrating by parts and applying periodic boundary conditions (M̄(ψ) = M̄(ψ+

2π)) one gets:

2π∫
0

(−δṗbTM̄δṗb + δṗb
T C̄δpb + δpTb K̄δpb − δpTb F̄ ) = 0 (3.31)
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The time from 0 to 2π is discretized into Lagrangian time elements each having

6 degrees of freedom. The temporal node coordinates are denoted by ξ and the

normal mode coordinate in any element is assumed to vary as pb=Htξ where

Ht are Lagrange polynomial based shape functions which satisfy the boundary

conditions. Continuity of the generalized displacements is assumed between the

time elements. The equations can be now rewritten of the form:

KG
t ∆ξG = QG (3.32)

where

KG
t =

Nt∑
i=1

ψi+1∫
ψi

(−Ḣt
T
M̄Ḣt +HT

t C̄Ḣt +HT
t K̄Ht) (3.33)

and

QG =
Nt∑
i=1

HT
t F̄ (3.34)

These form a system of non-linear algebraic equations, which are solved using

Newton’s method to calculate the blade response.

3.4 Vehicle trim procedure

There are many forms of trim solutions. Broadly they can be classified into

two categories: free flight and wind tunnel trim.

For free flight or propulsive trim, it is assumed that the engine can supply the

necessary power required to maintain the flight condition. For a steady flight,

the comprehensive propulsive trim solution can be obtained by satisfying the

three force (vertical, longitudinal and lateral) and three moment (pitch, roll and

yaw) vehicle equilibrium equations. For example, for a specified gross weight

and level flight speed, the trim solution gives the rotor pitch controls ( collective

θ0, cyclic θ1c and θ1s), vehicle orientation (longitudinal shaft tilt αs and lateral

shaft tilt φs) and tail rotor pitch (collective θtr).
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For wind tunnel trim, the cyclic and collective controls are iteratively ad-

justed to obtain zero first harmonic flapping and a target thrust condition. This

is essentially a way to simulate test conditions in a wind tunnel. Therefore it is

justified to neglect the fuselage loads and tail rotor loads. Also, the longitudinal,

lateral and vertical force equilibrium equations need not be satisfied.

In general, the expressions for the vehicle equilibrium can be expressed as:

F = 0 (3.35)

where exact form F T = [F1, ..Fn] depends on the trim condition considered.

The following equations are derived from the force equilibrium of a helicopter

in steady flight:

F1 = DF cos θFP +H cosαs − T sinαs (3.36)

F2 = YF + Y cosφs + T sinφs + Ttr (3.37)

F3 = T cosαs cosφs −DF sin θFP + (3.38)

H sinαs − Y sinφs −W − Lht

F4 = MxR +MxF + YF (h̄ cosφs + ycg sinφs) (3.39)

+W (h̄ sinφs − ycg cosφs) + Ttr(h̄− ztr)

F5 = MyR +MyF +W (h̄ sinαs − xcg cosαs) (3.40)

−DF (h̄cos(αs + θFP ) + xcgsin(αs + θFP ))

+ Lht(xht − xcg)

F6 = MzR +MzF + Ttr(xtr − xcg) −DF ycg cosαs (3.41)

− Y xcg cosφs

where F1, F2 and F3 are, respectively, the vehicle force equilibrium residuals in

X, Y and Z directions in the fuselage axes, and F4, F5 and F6 are the vehicle
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rolling, pitching and yawing moment equilibrium residuals about the vehicle

center of gravity, respectively.

The terms H , Y and T are respectively rotor drag, side force and thrust.

The terms DF , YF and W are respectively fuselage drag, side force and gross

weight. The terms Ttr, xtr and ztr, denote the tail rotor thrust, the distance

of the tail rotor hub behind the vehicle center of gravity and the distance of

tail rotor hub above the vehicle center of gravity. The horizontal tail is located

at a distance xht behind the vehicle center of gravity. The terms in the three

moment equations, e.g. MxR and MxF , denote the rotor and fuselage moments,

respectively. The forces act on the rotor hub and the moments act about the

rotor hub. In addition, xcg and ycg and h̄ are, respectively, the relative location

of the rotor hub center with respect to the vehicle center of gravity in the XF ,

YF and ZF directions; αs (positive for forward flight) and φs (positive advancing

side down) are the longitudinal and lateral shaft tilts, respectively, and θFP is

the flight path angle relative to an axis perpendicular to the gravity vector.

3.5 Coupled trim procedure

The convergence of the steady response for a fixed control setting is called

uncoupled trim. In a coupled trim procedure, this method is coupled with the

solution of the vehicle trim equations to solve to the final converged trim-response

solution. As the trim analysis is non-linear in nature, an accurate initial guess is

necessary. A trim analysis of a rigid rotor blade is conducted to find the initial

control estimate. The vehicle force and moment equations and the blade flapping

equations are solved using a non-linear equation solver.

The response of the rotor to the initial control estimate is found by solving the

rotor equations using the temporal finite element method. A force summation is

conducted on the basis of the blade response obtained to yield the aerodynamic
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forces and moments produced by the deformed blade. The time averaged values

(over one rotor revolution) of rotor forces and moments are substituted in the

corresponding vehicle trim equations to obtain the residuals of these equations.

The final objective of the coupled trim procedure is to find the control esti-

mate which drives these residuals towards zero. Newton’s method, based on the

evaluation of a trim Jacobian matrix, is used to find the final control estimate.

A finite difference approximation is used to calculate the control Jacobian.

The initial controls are perturbed one at a time and the variation of the residuals

are used to calculate individual terms of the control Jacobian. The control

settings are updated using the control Jacobian and the value of the residual

vector. The whole process is conducted in a loop process until the residues to

the vehicle trim equations are below a specified error bound.

3.6 Calculation of blade loads and hub loads

The loads at the hub are calculated by accumulating the contributions of the

loads transfered by each rotor blade at the hub center. The loads transfered

by any individual rotor blade can be calculated by spanwise integration of the

sectional blade loads from hub center to the blade tip. The blade section loads

consist of contributions from both aerodynamic and inertial components and can

be expressed as:

Lu = LAu + LIu (3.42)

Lv = LAv + LIv (3.43)

Lw = LAw + LIw (3.44)

Mu = MA
φ +M I

u (3.45)

Mv = v′MA
φ +M I

v (3.46)
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Mw = w′MA
φ +M I

w (3.47)

Integrating these sectional loads components in the spanwise direction yields

expressions for the blade loads at the hub in the rotating frame given by:


Fx

Fy

Fz




=

R∫
0




Lu

Lv

Lw



dx (3.48)




Mx

My

Mz




=

R∫
0




−Lvw + Lwv +Mu

Luw − Lw(x+ u) +Mv

−Luv + Lv(x+ u) +Mw



dx (3.49)

These sectional loads are in the rotating frame and are directed along the unde-

formed blade axes.

The hub loads are needed to calculate the steady rotor forces T , H , Y , MxR,

MyR and MzR which are required for evaluating the vehicle trim. In addition, the

hub loads form the feed-back input to the controller algorithm. The controller

algorithm would perform system identification and generate control inputs to

minimize the vibratory harmonics of the hub loads.

The rotor hub loads are obtained by summing the load contributions from
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the individual blades. In the fixed frame, the hub loads are expressed as:

FH
X (ψ) =

Nb∑
m=1

(
Fm
x cosψm − Fm

y sinψm − Fm
z cosψmβp

)
(3.50)

FH
Y (ψ) =

Nb∑
m=1

(Fm
x sinψm + Fm

x cosψm − Fm
z sinψmβp) (3.51)

FH
Z (ψ) =

Nb∑
m=1

(Fm
z + Fm

x βp) (3.52)

MH
X (ψ) =

Nb∑
m=1

(
Mm

x cosψm −Mm
y sinψm −Mm

z cosψmβp
)

(3.53)

MH
Y (ψ) =

Nb∑
m=1

(
Mm

x sinψm +Mm
y cosψm −Mm

z sinψmβp
)

(3.54)

MH
Z (ψ) =

Nb∑
m=1

(Mm
z +Mm

x βp) (3.55)

where Fm
x , Fm

y and Fm
z are the shear loads and Mm

x , Mm
y , Mm

z are the moments

due to the mth blade. If the Nb blades are identical, only the loads at integer

multiple of Nb/rev appear in the fixed frame. If the blades are dissimilar, all

harmonics appear in the fixed frame. The UMARC modeling allows for all the

blades to be dissimilar in both aerodynamic and structural dynamic properties.

3.7 Modeling of the active trailing edge flap

The control mechanism is physically devised using an active trailing edge flap

embedded in each rotor blade.

3.7.1 Inertial Modeling

Each spatial element has a trailing edge flap of specified flap-chord ratio. This

parameter is set to zero to represent a blade element with no trailing edge flap.

In the present analysis, one flap is modeled on each blade. The flap properties
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are assumed uniform along the length of the spatial element. These properties

are the flap sectional mass mf and mass moments Sf and If , the hinge location,

e, and the empirical flap aerodynamic effectiveness εH , εN , and εM . It is assumed

that the trailing edge flap properties are included in the blade properties itself.

This means the inplane stiffness is reduced over the flap region, where the trailing

edge is interrupted. The motion of the trailing edge flap is prescribed, therefore

there are no explicit trailing edge flap degrees of freedom, and the effects of the

flaps are represented in the blade equations of motion as contributions to the

nonlinear load vector. Trailing edge flap inertial contributions to the equations

of motion and the hub loads are calculated as follows: first, the acceleration

vector, a, of a trailing edge mass particle with respect to an inertial frame is

expressed. The inertial contribution to the blade sectional loads and moments

associated with a trailing edge flap mass element dm are then written in the

undeformed frame of reference as:

{Lu Lv Lw} = −
∫ ∫

a dm (3.56)

{MxMy Mz} = −
∫ ∫

ρD × a dm (3.57)

where ρD is the position vector of the mass element relative to a point on the

blade deformed elastic axis. The rotating system hub loads are then calculated

via force summation. The inertial contribution to the trailing edge flap hinge

moment is calculated as:

MH = −
∫ ∫

(ρH × a) · îH dm (3.58)

where ρH is the position vector of the mass element relative to a point on the

flap hinge axis, and îH is a unit vector along the flap hinge axis.
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3.7.2 Aerodynamic Modeling

The trailing edge flap contributes to both steady and unsteady components of

sectional aerodynamic forces. The steady effects can be modeled using a lookup

table or even with quasi-static approach which linearizes the effect of the flap us-

ing a constant coefficient. The unsteady aerodynamic formulation for flap/airfoil

combination was first developed in a classic study by Theodorsen [121]. The

airfoil sectional loads and flap hinge moment that results from sinusoidal flap

motions are expressed as the sum of two components. The first component uses

a frequency-domain transfer function C(k) related to the shed vorticity. For the

special case of harmonic airfoil motion, the function C(k) is provided in closed

form as a complex valued function of the reduced frequency, k = cw/2V . The

second component primarily contains terms relating to non-circulatory (apparent

mass) effects. For example, the airfoil pitching moment resulting from trailing

edge flap deflection and rate is presented in [121] as:

Mα = − ρb2
[
(T4 + T10)V

2δ +

(
T1 − T8 − (e− α)T4 +

1

2
T11

)
vbδ̇

]
· · ·

− ρb2
[
(T7 + (e− a)T1) b

2δ̈
]

+ 2ρV b2π

(
a+

1

2

)
C (k)

{
1

π
T10V δ + b

1

2π
T11δ̇

}
(3.59)

where the parameters T1, T2, etc. are scalar functions of the flap hinge location e

[121]. Reference [123] classifies the terms in this equation based on their origin:

non-circulatory (double underline), unsteady circulatory (single underline), and

quasi-steady circulatory (no underline). This allows the moment to be written

in coefficient form as:

CM = Ci
M + π

(
a+

1

2

)
C(k)δqs + Cqs

M (3.60)
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where

Cqs
M = −1

2

[
(T4 + T10) δ +

{
T1 − T8 − (e− a)T4 +

1

2
T11

}(
δ̇c

2V

)]
(3.61)

Ci
M = −1

2
[T7 + (e− a)T1]

(
δ̈c2

4V 2

)
(3.62)

δqs =
1

π
T10δ +

1

2π
T11

(
δ̇c

2V

)
(3.63)

Similar expressions are derived in Reference [123] for the flap lift and hinge

moment coefficient.

For the present analysis arbitrary motions of airfoil/flap combination are

considered. A formulation for arbitrary airfoil/flap motions can be developed

with the indicial response of aerodynamic loads following step changes in flap

and airfoil motion. This approach was first developed by Wagner [122] and sub-

sequently investigated in detail by Hariharan and Leishman [123]. The trailing

edge flap aerodynamic modeling in UMARC is based on the model proposed by

Hariharan and Leishman [123] to calculate sectional aerodynamic loads and flap

hinge moment using indicial concepts. Milgram [54] integrated this trailing edge

flap model in to the mathematical modeling framework of UMARC.

The flap effectiveness in producing incremental lift and pitching moments can

be reduced because of the finite thickness of the boundary layer over the flap

portion of the profile. Aerodynamic hinge moments can be reduced as well. In

Reference [123], these are accounted for with parameters εN , εM , and εH for the

normal force, pitching moment, and hinge moment, respectively. In the present

analysis these parameters are set to unity.
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3.8 Dissimilar Blade Modeling

Most aeroelastic analyses of helicopter blades assume that the blades are

identical. However, in reality, blade dissimilarities exist, which can have a strong

influence on the blade response and loads. In UMARC, if blades are dissimilar,

the blade response is calculated for each blade individually. The blade response

for the mth blade can be obtained from th finite element in time equations given

as (Eq 3.32):

KG
t m ∆ξGm = QG

m (3.64)

Once the blade response for each blade has been calculated, the blade loads

for the mth blade at any blade section are calculating using a force summation

method, then integrated over the span to obtain the contribution to the hub

loads (in the rotating frame):


Fx

Fy

Fz



m

=

R∫
0




Lu

Lv

Lw



m

dx (3.65)




Mx

My

Mz



m

=

R∫
0




−Lvw + Lwv +Mu

Luw − Lw(x+ u) +Mv

−Luv + Lv(x+ u) +Mw



m

dx (3.66)

The hub loads are then obtained by summing load contributions from the

individual blades (Equations 3.50 to 3.55). For a tracked rotor, only the Nb/rev

forces and moments would appear in these forces and moments. For a dissimilar

rotor, however, all harmonics would appear. In order to model blade dissimilar-

ities, the comprehensive analysis is modified so that the following properties can

be varied for each blade at any spanwise finite element along the blade:

1. Flap stiffness EIy
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2. Lag stiffness EIz

3. Torsion stiffness GJ

4. Mass m

5. Aerodynamic coefficient c0

6. Aerodynamic coefficient d0

7. Pitching moment coefficient cmac

where c0, d0, and cmac are lift, drag and pitching moment parameters defined in:

Cl = c0 + c1α (3.67)

Cd = d0 + d1|α| + d2α
2 (3.68)

Cm = f0 + f1α = cmac + f1α (3.69)
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Chapter 4

Feasibility Study using Simplified

Analysis

4.1 Introduction

This chapter describes the study conducted to examine the feasibility and

performance of the control scheme described in the previous chapter. The pur-

pose of this study is to investigate the ability of the control scheme to reduce all

harmonics of vibration in the fixed frame.

The feasibility study is performed for a 4-bladed hingeless rotor model and

uses a simplified analysis model with only the flap degree of freedom. Each rotor

blade is modeled using ten spatial finite elements along the blade span. Five

rotating natural flap modes for each blade are used for modal analysis. Eight

time finite elements with fourth order shape functions are used along the azimuth

to calculate the blade response. Using these values, a converged blade solution

is obtained. The blade first flap frequency is 1.11/rev.

The trailing-edge flap chord is 20% of the blade chord and its length is 18% of

the radius. It is located at 0.83R. This corresponds to ∂α
∂δ

= 0.50, where ∂α
∂δ

is the

rate of change of effective angle of attack due to flap input [130]. A maximum
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flap input limit of ±5 degrees is imposed. Level flight conditions corresponding

to µ = 0.30 and CT/σ = 0.07 are considered. The controller parameters are:

WF = 1, Wδ = 2.5e− 4 and W∆δ = 5e− 6. For measuring loads and to generate

flap control inputs, 60 sample points per rotor revolution are used. To start the

initial control iteration, small random flap angles are used as control inputs. As

the controller adapts, the rate of change of the flap control inputs are restricted

in order to avoid high transient loads at the hub.

The objective of the controller is to minimize oscillations in the vertical hub

shear force, a key component that causes vibration at the pilot seat. All loads

are non-dimensionalized with respect to a reference force defined as m0(ΩR)2,

where m0 is the mass per unit length of an equivalent uniform blade with the

same flap inertia, and ΩR is the blade tip speed. For each case, the helicopter

rotor is first trimmed at the specified flight condition. The baseline vertical hub

vibration is determined and the controller is activated.

4.2 Simulation of rotor imbalance

To simulate rotor dissimilarities among the four blades, one blade is assumed

to contain a fault and the other blades are kept identical. The fault modeling

approach is based on Ganguli et al [129]. Four types of rotor dissimilarities are

simulated: (i) moisture absorption, (ii) loss of trim mass, (iii) damaged trailing

edge flap, and (iv) bending stiffness damage. Moisture absorption in a blade can

occur in a humid environment and results in changes in the blade mass properties.

To simulate this damage, the mass of the damaged blade is increased uniformly

along the elastic axis by 3%. The masses of the other blades are kept fixed at

the baseline value. Loss of trim mass is modeled by removing 5% of baseline

mass from particular section of a rotor blade. This section is chosen between

94% and 95% of the blade span. To simulate a damaged trailing edge flap, it is
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assumed that the damaged flap has a steady 0.1-degree deflection angle in the

uncontrolled state compared to zero deflection angles of the undamaged flaps.

Therefore, the damaged blade has additional lift at the tip, causing out-of-track

condition. The stiffness damage is modeled by reducing the bending stiffness of a

particular section of the blade to 85% of the baseline value. This section extends

from the root to 10% of the rotor radius. Finally, the controller behavior in the

case of a real dissimilar rotor is studied. In this case, some inherent damages or

imbalances are present. This is simulated by randomly introducing differences

in each blade mass and stiffness properties within 5% of the baseline properties.

4.3 Comparison of control methods

Figure 4.1 shows the performance of different flap control methodologies for

the reduction of the hub rolling moment, with moisture absorption damage in

blade 4. The figures on the left represent the optimal flap inputs for all blades,

while the figures on the right show the hub rolling moment, both before and

after control. To obtain figures 4.1(a), the collective flap control method is used,

where the same phase-shifted flap input is applied to all blades. Figures 4.1(b)

correspond to the individual flap control with restricted inputs: different flap

inputs are applied to different blades, however, identical flap inputs are applied

to blades that are identical. Finally, figures 4.1(c) are obtained using the present

flap control methodology, without any restriction for the flap inputs. The flap

amplitude required in theory for the collective flap control is not practical (−25◦

to 12◦). This can be explained by dividing the required flap input in two parts:

one part is necesary for reducing the 4/rev vibration (kNb/rev); another part

is required to cancel the effect of the dissimilarities (non-kNb/rev). With the

first control method, the 4/rev component can be cancelled using a flap input of

relatively small amplitude (±1.5deg). However, it is very difficult to cancel the
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effect of the damage in blade 4 using the same input for all blades: the required

flap input is extremely high (−25◦ to 12◦). A similar observation was made from

the recent rotor model test in the wind tunnel to minimize vibratory hub loads

with bimorph-actuated flaps. With rotor dissimilarities, the flap requirements

became excessive, resulting in saturation of actuators and enormously degraded

performance [62]. With the second control method, individual flap control with

restricted inputs, the required flap amplitude is reduced (−1.7◦ to 4.5◦). How-

ever, only 80% vibration reduction is achieved. The vibration reduction achieved

with the present control methodology is more than 99%. At the same time the

required flap angles are only ±1.3 deg in amplitude. Small flap angles get trans-

lated into a low actuation power for vibration minimization. Thus figure 4.1

clearly illustrates the advantage of the present control methodology.

4.4 Closed loop results

Figures 4.2 to 4.5 show the controller performance with a fault in blade

4 to minimize the vertical fixed frame vibratory hub shear. Figure 4.6 shows

the controller performance with a fault in all blades. Figures 4.2(a) to 4.6(a)

show the time history of the vertical hub shear. In all fault cases, this load is

reduced completely (by more than 99%) in less than 120 rotor revolutions. In fig-

ures 4.2(b) to 4.6(b), the harmonic content of the vertical hub load is shown, for

the baseline rotor with controller off, the damaged rotor with controller off and

the damaged rotor with the controller on. For the baseline rotor with identical

blades, only 4/rev fixed system loads are present. It is seen that most faults in-

troduce a significant 1/rev component, and smaller 2/rev and 3/rev components.

The bending stiffness damage effect is more significant on the 3/rev component

(figure 4.5(b)). Apparently, damage does not introduce any hub load harmonic

above 4/rev using this simple rotor model. As shown in figures 4.2(c) to 4.6(c),
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the controller generates dissimilar flap angles for all blades, and the dominant

harmonic component of these inputs is 3/rev (figures 4.2(d) to 4.6(d)). It is

interesting to note that even though damage is incorporated in one blade (blade

4), the flap input to each blade is somewhat different. We should also note that

even though there are no load harmonics above 4/rev, the controller seems to

require small flap inputs at 6/rev and higher. Because these higher harmonic

inputs may be difficult to implement, and may not be required for vibration

reduction, it would be interesting to examine the effect of removing them on

the controller performance. Figure 4.7 shows the controller performance when

simultaneous reduction of several fixed frame loads is attempted. In this case,

the vertical hub shear, the pitching moment and rolling moment vibrations are

reduced simultaneously, with equal weights: WFz = WMy = WMx = 1. All three

loads are reduced by 99% after 150 rotor revolutions. As expected, the ampli-

tude of the required flap inputs is increased compared to the single load control.

However the flap amplitude remains realistic (less than ±3 deg).

Figure 4.8 shows the effect of a change in flight condition on the controller

performance. This is shown for the moisture absorption damage in blade 4.

The advance ratio is suddenly increased at iteration 150 from 0.3 to 0.35. Fig-

ure 4.8(a) shows that this sudden change results in increased vibration. However,

the controller is able to identify the new transfer matrices and cancel vibration

in about 50 revolutions. The identification of the new transfer matrices is appar-

ent in figure 4.8(b). The control angles required for the new flight condition are

larger in amplitude: about ±2.5 deg. amplitude for µ = 0.35, compared to less

than ±1.5 deg. for µ = 0.3 (figure 4.8(c)). It should be mentioned that some

vertical hub load time history show substantial transients during controller learn-

ing. This problem can be alleviated by applying tighter constraints on the flap

inputs (increasing Wδ or fixing a limit to the maximum increase in flap deflection

at each iteration), but this also increases the controller learning period.
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All previous results have been obtained using computed hub loads. In order to

make the simulations more realistic, noise is added to the numerical predictions.

The results are presented in figure 4.9 in the case of moisture absorption damage

in blade 4 (similar results are obtained for other damage cases). The vertical

hub load variations are shown for different levels of white noise. The noise

amplitude is indicated in percentage of the uncontrolled vibration amplitude,

for the damaged rotor. Three cases are simulated: 1%, 5 % and 10 % noise.

Although the performance of the controller deteriorates as the noise level is

increased, in all simulated cases the controller is able to reduce the vibration

amplitude to about the same level as the noise amplitude. The algorithm is

robust to the presence of noise in the measurements.

4.5 Summary

The real time adaptive control algorithm described in Chapter 2 is tested

using a simplified helicopter model. The control scheme uses on-blade trailing

edge flaps which are actuated independently, accounting for individual blade

dissimilarities. Fixed frame hub loads are used as the feedback to the controller.

Using numerical simulation, the controller is tested in the presence of rotor

dissimilarities, modeled by changes in mass, stiffness, and aerodynamic prop-

erties of the damaged blade. The controller generates different control inputs

for each blade according to their individual dissimilarities and successfully min-

imizes vibration. The vibration is reduced by 99 % within 150 revolutions in all

test cases. The controller is shown to be robust to the presence of noise in the

measurements and can adapt to changes in flight condition.
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Figure 4.1: Performance of different flap control methodologies for hub rolling

moment control
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Figure 4.2: Moisture absorption damage; (a) vertical hub load time history; (b)

harmonic content of vertical shear; (c) optimal flap angles; (d) harmonic content

of flap angles.
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Figure 4.3: Loss of trim mass damage; (a) vertical hub load time history; (b)

harmonic content of vertical shear; (c) optimal flap angles; (d) harmonic content

of flap angles.
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Figure 4.4: Damaged trailing-edge flap; (a) vertical hub load time history; (b)

harmonic content of vertical shear; (c) optimal flap angles; (d) harmonic content

of flap angles.
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Figure 4.5: Bending stiffness damage; (a) vertical hub load time history; (b)

harmonic content of vertical shear; (c) optimal flap angles; (d) harmonic content

of flap angles.
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Figure 4.6: Various damages in blade mass and stiffness; (a) vertical hub load

time history; (b) harmonic content of vertical shear; (c) optimal flap angles; (d)

harmonic content of flap angles.
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Figure 4.7: Multiple loads control with moisture absorption in blade 4; (a)

vertical hub load; (b) hub pitching moment; (c) hub rolling moment; (d) optimal

flap angles; (e) harmonic content of flap inputs.
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Figure 4.8: Effect of a change in advance ratio at iteration 150; (a) vertical hub

shear time history; (b) time history of the identified transfer matrices norm; (c)

optimal flap angles before advance ratio change; (d) optimal flap angles after

advance ratio change.
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Figure 4.9: Effect of measurement noise on vibration reduction with moisture

absorption damage in blade 4.
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Chapter 5

Controller Simulation using

Comprehensive Analysis

This chapter examines the performance of the individual blade control al-

gorithm using a comprehensive analysis code (UMARC [116]) as the helicopter

model. The code methodology is described in Chapter 2.

5.1 Helicopter model

A bearingless rotor model is used, based on the MD900 helicopter. The model

features multiple load paths for the flexbeam/torque tube configuration, vis-

coelastic snubber, kinematics of control linkage, and non-linear bending-torsion

coupling within the flexbeam [126]. Each rotor blade is divided into 20 finite ele-

ments undergoing flap, lag and torsion degrees of motion. In the present analysis,

4 flap modes, 3 lag modes, and 2 torsion modes are used. The characteristics of

the model rotor are presented in Table 5.1. A refined pseudo-implicit free wake

model developed by Bagai and Leishman [127] is incorporated in the analysis.

The rotor is first trimmed to zero first harmonic flapping and a target CT/σ

(wind tunnel trim). The shaft angle is specified to provide propulsive trim. After
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Table 5.1: MD-900 rotor characteristics

Parameters Symbol Value

Number of blades Nb 5

Rotor radius R 16.925 ft

Rotor speed Ω 392 RPM

Chord (nominal) c/R 0.0492

Lock number (nominal) γ 9.17

Solidity Nbc/πR 0.0779

Lift curve slope c1 7.10

Lift coefficient at α = 0 c0 0.1123

Pitching moment coefficient cmac -0.008

Flap spanwise location / R rmid 0.83

Flap chord / nominal chord cf 0.25

Flap length / R lf 0.18

Twist θtw 10◦

Reference mass/span mref 0.0655 slug/ft

Reference shear mref Ω2R2 31,600 lb

Reference moment mref Ω2R3 535,000 ft-lb

cyclic inputs have converged to the trim solution, the controller is activated. The

analysis calculates the steady state hub loads resulting from a given flap input.

Based on computed hub loads, the flap inputs are updated every rotor revolution.

5.2 Computation specifics

Controller performance is investigated under wind tunnel trim conditions at

µ = 0.2, CT/σ = 0.075 and a forward shaft tilt angle of 5◦. To simulate mea-

surements, Ns = 60 samples are used for each rotor revolution. To initialize the
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system identification procedure, a value is chosen for the system noise covariance

matrix Q, and the measurement noise covariance r (scalar). No measurement

noise is added to the computed vibration. Initial guesses are made for the state

vector x0 and estimate error covariance matrix, P0. x0 = 0, P0 = I(NbNs+1),

Q = 10−5.I(NbNs+1), and r = 10−5 are chosen. For the controller, a maximum

flap deflection of δmax = ±4◦ is imposed by increasing Wδ if the required flap

deflection becomes too large. An upper limit on ∆δmax is used to avoid large

transient hub loads.

First the transfer matrices relating the flap control inputs to hub loads are

identified. Then the performance of the controller with identical rotor blades

(baseline) is described. Next, the effect of rotor dissimilarities on the hub vibra-

tion is determined. Finally, the controller performance for reducing hub vibration

with dissimilar rotor is investigated. Comparison is made with a controller that

does not account for blade dissimilarities.

In a second stage, controller performance is investigated under wind tunnel

trim conditions at advance ratios from µ = 0.10 to µ = 0.40, with CT/σ =

0.075. The present individual control method is compared with a controller with

identical motion for all flaps.

5.3 Transfer matrix identification

First, the transfer matrix relating the flap control inputs to the fixed system

hub forces and moments is identified. Results are shown for the baseline rotor.

A representation of the transfer matrices, Tl1, (l = 1 to 6) for blade 1 is shown in

Figure 5.1. Each of these transfer matrices relate the flap control input to blade

1, δ1 (a 60×1 vector) to one of the six resulting fixed frame load, for example the

vertical shear Fz (also a 60× 1 vector). Therefore each matrix is of size 60× 60.

In Figure 5.1, the columns are plotted versus azimuth for one rotor revolu-

73



0 90 180 270 360
−10

−5

0

5

(a) Columns of T
11

=T
Fx1

0 90 180 270 360
−10

−5

0

5

(b) Columns of T
21

=T
Fy1

0 90 180 270 360
−10

−5

0

5

(c) Columns of T
31

=T
Fz1

0 90 180 270 360
−8

−6

−4

−2

0

2

4

(d) Columns of T
41

=T
Mx1

0 90 180 270 360
−8

−6

−4

−2

0

2

4

(e) Columns of T
51

=T
My1

0 90 180 270 360
−8

−6

−4

−2

0

2

4

(f) Columns of T
61

=T
Mz1

x 10−4 

x 10−4 

x 10−5 

x 10−5 

x 10−5 

M
z
 response

Ψ (°) 

Ψ (°) Ψ (°) 

Ψ (°) 

Ψ (°) 

F
y
  response

M
x
 response

    F
z
 

response

M
y
 response

x 10−4 

Ψ (°) 

F
x
 periodic response

to 1° impulse input 
to flap 1 at Ψ=90° 
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74



tion. Each column vector represents the hub force or moment resulting from

an impulsive unit flap input, at a particular azimuth, for a specific blade. For

example, the curves highlighted in white in Figure 5.1 are the 16th columns of

matrices Tl1, l = 1, 6. They correspond to the fixed frame hub forces and mo-

ments resulting from an impulsive input of amplitude 1◦ at Ψ = 90◦ to blade

1. This is easily seen if the vector δi corresponding to this impulsive input is

expanded as:

δi =




δ1

...

δ16

...

δ60




=




0

...

1

...

0




(5.1)

The resulting vertical shear in the fixed frame is then:

∆Fz = T31 × {δi} (5.2)

= [T 1
31 · · ·T 16

31 · · ·T 60
31 ] × {δi}

= T 16
31

which corresponds to the 16th column of matrix T31 = TFz ,blade 1.

Note that from Figure 5.1, it is clear that the system is not time invariant:

for a LTI system, the response does not depend on the time at which the input

is applied, therefore each transfer matrix column would simply be a cyclically

shifted version of the previous column. In other words, the transfer matrices

would be circulant. The variations observed between columns in Figure 5.1

show that the transfer matrices were obtained with the helicopter in forward

flight (µ = 0.2), when the system is time periodic.

Figure 5.1 also shows that the longitudinal and lateral hub shears are much

less sensitive to flap actuation than the vertical hub shear (about 3.5 times
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Table 5.2: Predicted and measured non-dimensional 5/rev hub loads (µ = 0.2)

Hub load Measured Predicted

Fx 0.0045 0.0030

Fy 0.0009 0.0030

Fz 0.0041 0.0022

Mx 3.8 10−4 8.3 10−5

My 4.2 10−4 1.3 10−4

less sensitive). On the other hand, the three hub moments have comparable

sensitivities to the flap deflection. Sensitivity results obtained for the damaged

rotor are very similar.

5.4 Control of baseline rotor

The computed uncontrolled vibratory loads (5/rev) are first compared with

full-scale wind tunnel test data [128] in non-dimensional form in Table 5.2.

UMARC shows acceptable correlation with full-scale wind tunnel test data. The

predicted vibratory hub loads are of the same order of magnitude as test data.

The closed-loop control is then applied to the rotor model to reduce hub

vibration through optimal flap inputs. In the first stage, the weighting matrix

WF is adjusted to control only one fixed system hub load at a time. The optimal

control inputs reach convergence after about 150 rotor revolutions. Results are

shown in Figures 5.2 and 5.4.

Figure 5.2 shows the effect of the optimal flap actuation on all fixed system
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rotor, µ = 0.2)
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hub loads when the controller attempts to reduce one particular load. The

uncontrolled and controlled peak-to-peak amplitude are represented for each

hub load (non-dimensionalized as shown in Table 5.1).

For every one of six cases, the reduction of considered hub load is over 98%.

However there are significant increases in other vibratory components. This is

especially true when the objective to minimize Fx or Fy is implemented; the

vibration amplitudes for the vertical hub shear and yawing moment are more

than doubled. On the contrary, reducing of Fx also results in the reduction of

oscillatory Fy, and vice versa. The reduction of Fz, Mx, or My has a relatively

small detrimental effect on Fx and Fy vibration. The reduction of Mx leads to an

increased My vibration, and vice versa. On the contrary, reducing the vertical

shear Fz also results in a decreased vibratory hub yawing moment, and vice

versa. These observations are summarized in Figure 5.3, where a dashed line

signifies a detrimental effect and a continuous line indicates a beneficial effect

between two loads. Note that the detrimental effects are equally present in the

controller with identical flap motion for all blades and are not artifacts of the

individual control algorithm.

Figure 5.4 shows both the amplitude and phase of the flap control inputs

required to reduce each hub load. Note that this is still for the baseline rotor

with identical blades, therefore the optimal input is identical for all blades. As

shown by the transfer matrices in Figure 5.1, we observe that the largest flap

deflection is needed for the reduction of the hub shears Fx and Fy (about 2◦

peak-to-peak). For all other loads, the deflection amplitude is comparably small,

about 1◦ peak-to-peak. The most important flap harmonics, i.e. 4/rev, 5/rev

and 6/rev for the 5-bladed rotor, are shown in shades of grey, whereas other

harmonics are shown in white. Note that even though these three harmonics

are dominant, actuating the flaps at other frequencies also contributes towards

vibration reduction. In particular, the 7/rev and 8/rev flap components seem to
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be important for the reduction of the hub vibratory moments Mx and My. The

2/rev and 3/rev components are also relatively important when the objective

is to minimize the oscillatory in-plane shear Fx or Fy. The flap deflections

required for minimizing Fx or Fy are very similar qualitatively, with large 4/rev

and 5/rev components. Flap inputs corresponding to the reduction of Fz or

Mz, have 5/rev as the dominant frequency. Flap inputs necessary to reduce Mx

or My also appear qualitatively similar, with the 6/rev as dominant harmonic.

However, Figure 5.4(b) shows that the phases of the 6/rev harmonic components

are opposite to each other. These are in agreement with the relations shown in

Figure 5.3.

In the second stage, simultaneous reduction of all loads is attempted. Weights

are adjusted so that the norms of the weighted vibratory loads (non-dimensional)

are equal in the objective function. Results are shown in Figure 5.5. It is

not possible to reduce completely all six vibratory loads simultaneously. The

vibration is reduced by more than 80% for three hub loads and more than 60% for

the remaining hub loads. The flap deflection required is considerably increased

while still remaining within limits of ±4◦. The 3/rev component is the dominant

flap input. When a single load is targeted, the harmonic content of flap inputs is

predominantly 4, 5 and 6/rev. However, for multiple loads, the 3/rev component

can play a critical role depending on the target loads. This can happen when both

(Fz,Mz), and (Mx,My) are included in the objective function. The hub moments

Mx, My are generated by 4/rev and 6/rev components of rotating flapwise and

torsion moments. If these components have comparable amplitudes, their phases

can be manipulated such that the 5/rev components they generate in the fixed

frame cancel each other. It is observed that the 4/rev rotating torsion moment

is an order of magnitude smaller than the 4/rev rotating flapwise moment. It

is also observed that, in order to cancel the 5/rev hub moments, the controller

generates a large 4/rev rotating frame torsion moment. This can be achieved
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by a large 3, 4 or 5/rev flap input. Only a large 3/rev flap input can reduce

the hub moments without affecting Fz or Mz . A large 4 or 5/rev flap input will

affect 5/rev Fz and Mz. This is why in this case we observe a dominant 3/rev

flap input, with a smaller 5/rev component.

To verify this, the control input was restricted to 4, 5 and 6/rev. Results are

shown in Figure 5.6. The performance deteriorated: Fz and Mz are reduced by

only 50%, and My is reduced by less than 10%. The maximum flap deflection

has significantly reduced (about 1.4◦ compared to 4◦). If the maximum flap

deflection is restricted to 1.4◦, the controller would always reach this solution and

4, 5, 6/rev control inputs would dominate. However, increased flap deflections

of ±4◦ are allowed. The controller can achieve greater vibration reduction using

predominantly 3/rev flap inputs.

Next, the controller performance is assessed at a higher vibration level. Fig-

ure 5.7(a) shows predicted and full-scale wind tunnel test vibration levels at

transition speed. UMARC overpredicts the 5/rev hub axial and side forces. The

5/rev normal force is underpredicted. The predicted 5/rev rolling and pitching

moments are close to measurements. Figure 5.7(a) also shows the 5/rev hub

loads after control. All loads show considerable reduction, with hub shears re-

duced by 90%. Figure 5.7(b) shows that the required control deflection is about

3.1◦ half peak-to-peak, and the harmonic content is dominantly 4/rev.

5.5 Effect of rotor dissimilarity

Rotor dissimilarities are introduced by modeling rotor faults. Two types of

rotor faults are considered. The first fault is simulated by increasing the mass of

the blade section corresponding to the trailing-edge flap in blade 1 by 1% (about

50 grams). The second fault is simulated by increasing the nose-down pitching

moment coefficient for the same section from cm = −0.008 to cm = −0.01. The
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Figure 5.5: Simultaneous vibration reduction of all hub loads (baseline rotor,

µ = 0.2)

trailing edge flaps, of chord cf = 25% of nominal blade chord, extend from 0.74R

to 0.92R for each blade.

Figure 5.8 shows the magnitude of harmonics for the six fixed system hub

loads, in the case of baseline and damaged rotor. Only the first five harmonics are

shown, since the amplitudes of harmonics higher than 5/rev are negligible. For

the baseline rotor, only 5/rev component is present for this 5-bladed rotor. Even

though the extent of damage is very small, there is a significant effect on other

vibratory harmonics. The mass damage introduces a large 1/rev component

in the lateral and longitudinal hub shears. A moderate 1/rev vibration is also

present in the rolling and pitching moments. The effect on the vertical hub shear

and the yawing moment is small. By contrast, the effect of the aerodynamic

damage is more significant on the rolling and pitching moments, especially as

1/rev and 2/rev components. It also introduces a 1/rev component in vertical

shear. Unlike the mass damage, the increase in 1/rev lateral and longitudinal

hub vibration due to moment fault is not significant.
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5.6 Control of dissimilar rotor

The performance of the present controller is now tested with dissimilar blades

and compared to that of a controller using identical flap inputs. For purposes

of discussion, the present controller will be referred to as “individual control”.

Controller using identical flap inputs for all blades will be referred to as “classical

control”. For classical control, the objective function only includes the kNb/rev

harmonics.

First, the mass fault is simulated in blade 1. Figure 5.9 presents the vibration

reduction achieved when the objective function consists of only one hub load,

using classical control and refined individual control. Using the present con-

troller, the considered oscillatory load is reduced in all six cases by more than

98% in amplitude. However, the reduction of either Fx or Fy causes a dramatic

increase in all other hub loads. The classical controller is unable to reduce either

Fx or Fy vibration by more than 50%. This is because only the 5/rev harmonics

is reduced: this controller has no effect on the 1/rev component, which is very

large in Fx and Fy for the mass damage. Figure 5.10 shows the corresponding

optimal control inputs. Because the blades are dissimilar, the controller now

generates different flap inputs for each blade. Flap deflections required for min-

imizing either Fx or Fy show large variations from one blade to another. These

variations translate into non-kNb/rev loads in the fixed frame. These non-kNb

/rev counteract the large 1/rev components of Fx and Fy. On the contrary, the

flap inputs generated for the reduction of other loads are similar for all blades.

This is because the non-kNb/rev harmonics are relatively small for these loads.

In Figure 5.10, the optimal control input required for all blades using classi-

cal control is also shown. As expected, the inputs required using the classical

method and the individual control method are different when the targeted hub

load contains significant non-kNb/rev harmonics.
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The objective function is then modified to attempt reducing all fixed system

hub loads simultaneously. Figure 5.11 shows the vibration reduction achieved

and the flap control inputs required.

The maximum flap deflection of 4◦ is attained while only 40% reduction in

vibratory amplitude for Fx is achieved. Note that the 3/rev harmonic is again

dominant in the flap inputs for all blades. For this mass damage, the advantage

of using individual flap inputs is less appealing. Vibrations can be reduced com-

pletely for each load separately but at the cost of increasing vibrations for other

hub loads. For simultaneous control of all loads, individual control performance

is only slightly improved compared to classical control. Inability of the individual

controller to further reduce the hub vibrations stems from actuator saturation.

Higher flap deflections will lead to better control. With flap deflection limited

to ±6◦, at least 60% vibration reduction is achieved for all loads (Figure 5.12).

Performance of the classical controller, on the other hand, is inherently limited

by its inability to reduce non-kNb/rev vibrations. As a result, increasing the

maximum flap deflection does not improve controller performance. Actuator

saturation is caused by the following three reasons. The greatest effect of mass

damage is felt in Fx and Fy vibrations. The sensitivity of Fx and Fy to flap de-

flections is small. The effect of reducing either Fx or Fy vibrations is detrimental

for all other vibratory loads.

The pitching moment damage introduces significant 1 and 2/rev components

in Mx and My. Also a large 1/rev component is induced in Fz. However the

effect on Fx or Fy is small. Figure 5.13 shows the vibration reduction achieved

when the objective function contains only one hub load. Figure 5.14 shows

the corresponding flap deflections. Figure 5.13 shows that each load can be

separately reduced by more than 98% using individual control. Using classical

control, the pitching and rolling moment vibration is reduced by only 50% while

the vertical vibration is reduced by 60%. The large non-kNb/rev components
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present in these vibratory loads can not be controlled using identical flap inputs.

Note that the corresponding optimal flap inputs (Figure 5.14) are very similar for

both methods. Hence vibration reduction can be improved without any increase

in flap deflections, simply by using slightly different inputs for each flap. All

loads are reduced separately with flap deflections less than 2◦ peak-to-peak.

Finally simultaneous reduction of all six hub loads in presence of pitching

moment dissimilarity is described. The results are shown in Figure 5.15. Using

individual control all loads are reduced by more than 70%. This is higher than

the reduction achieved by classical control. The required flap deflections are

similar for all blades, with a dominant 3/rev component and about 4◦ half peak-

to-peak amplitude. Again, it is observed that small variations in deflection from

flap to flap can result in greatly improved vibration reduction.

5.7 Effect of control input weight

Figure 5.16 shows the effect of varying the control input weight on the con-

troller performance. The controller performance is measured by the vibration

reduction (with vibration index defined as
√
JF in Eq. 2.13) as well as the max-

imum flap deflections. Three cases are considered: baseline rotor, rotor with

mass fault in one blade, and rotor with aerodynamic fault in one blade. The

control objective is to reduce all loads simultaneously.

Previous results (Figures 5.5, 5.13, and 5.16) are indicated by the dashed

lines. For these results, the weighting matrices Wδ have been chosen such that

the maximum flap deflection is 4◦. For the baseline rotor as well as for damaged

rotor, the maximum vibration reduction that can be achieved is about 88%.

However, for the baseline rotor, flap deflections are identical for all blades, while

for the damaged rotor, they are different. The maximum flap deflection required

for baseline rotor is about 7.5◦.
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The flap deflections required for the rotor with a mass fault are much larger,

up to 14◦. However, when these deflections are limited to 4◦, the vibration index

is still reduced by about 65%. Note that a small increase in maximum flap

deflection (e.g., from 4◦ to 6◦) would result in greater vibration reduction (from

65% to 80%).

The flap deflections required for the rotor with a moment fault are very simi-

lar to the baseline rotor case (about 7.5◦). This damage is simulated by a change

in pitching moment for the blade section corresponding to the flap. Therefore,

it would be possible to cancel the vibration caused by this fault (mostly at

1/rev and 2/rev) by imposing a steady deflection to the flap in the damaged

blade. However, this steady input needs to be added to the input required for

cancelling the baseline vibration (at 4/rev). Finally, the total flap deflection re-

quired reaches a maximum value that is larger than the maximum flap deflection

generated by the controller.

5.8 Effect of advance ratio

The controller performance is now tested at different advance ratios for the

baseline and the damaged rotor. The objective function includes only the fixed

system hub shears Fx, Fy and Fz, with respective weights of 0.3, 0.3 and 1,

chosen so that each load has comparable importance in the objective function

at µ = 0.20. Figure 5.17(a) shows the vibration index
√
JF for the baseline

rotor and the rotor with a mass fault in blade 1, with and without control. The

performance of a classical controller is also shown. Figure 5.17(b) represents the

half peak-to-peak flap deflections. The vibration index is minimum at µ = 0.25.

It increases at low advance ratio (µ = 0.10) and high advance ratio (µ = 0.40).

The mass fault introduces large 1/rev component in the Fx and Fy shears, while

the effect on Fz is very small. For the baseline rotor, the vibration index
√
JF
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is reduced by more than 88% at all advance ratios, and up to 95% at µ = 0.20.

The flap deflection required is smaller than 4◦ half peak-to-peak, and about 1◦

half peak-to-peak at µ = 0.30. For the damaged rotor with a mass fault in blade

1, the individual control method is compared with the classical controller. Using

individual control, the vibration reduction achieved is very close to the baseline

results for µ ≥ 0.15. However, the required flap deflections are larger (about 2.2◦

half peak-to-peak at µ = 0.30). For µ ≤ 0.15, the 4◦ limit is reached, resulting

in less vibration reduction. For example, at µ = 0.10, the vibration index is

reduced by 78% using this limited flap deflection. Using classical control, the

flap deflection required is smaller. However, the vibration cannot be reduced

by more than 75%, and vibration reduction is only 40% at µ = 0.25. Using

identical inputs for all blades, the non-kNb/rev vibration originating from blade

dissimilarities can not be reduced efficiently.

Figure 5.18(a) and 5.18(b) shows the vibration index
√
JF and flap deflec-

tions for the baseline rotor and the rotor with the aerodynamic moment fault in

blade 1, with and without control. Contrary to the mass fault case, the vibra-

tion increase due to the moment fault becomes larger at higher advance ratios.

Figure 5.18(a) shows that using individual control, it is possible to achieve the

same level of vibration reduction as for the baseline rotor (the line “moment

fault, individual control” is hidden by the “baseline, controlled” line). More-

over, Figure 5.18(b) shows that the required flap deflections are very close to the

baseline rotor case; smaller than 4◦ half peak-to-peak at all advance ratios, and

about 1◦ half peak-to-peak at µ = 0.30. However, using classical control, it is

not possible to control the non-kNb/rev vibration caused by the moment damage

(Figure 5.18(a)). Since this additional vibration increases with advance ratio,

the performance of the classical control deteriorates at higher advance ratios. At

µ = 0.10, the vibration index can be reduced almost as well as for the baseline

rotor (about 90% reduction). However, at µ = 0.30, only 45% reduction can be

90



achieved. This clearly illustrates the advantage of using different inputs for each

blade: at µ = 0.30, the vibration reduction can be increased from 45% to 94%,

with smaller flap deflections.

5.9 Summary and concluding remarks

The performance of the proposed control algorithm has been investigated.

The control objective was reduction of helicopter hub vibrations using active

trailing edge flaps. A comprehensive analytic model based on a modern bear-

ingless rotor that includes modeling of trailing edge flap effects (UMARC [116])

is used for numerical simulation.

The controller performance was tested at advance ratios ranging from µ =

0.10 to µ = 0.40, both for the baseline rotor with identical blades and the

damaged rotor with dissimilar blades. The proposed controller takes into account

rotor dissimilarities and allows for different control inputs to be applied to each

trailing edge flap. This new controller was compared to a classical controller

which uses identical inputs for all trailing edge flaps. The rotor faults were

modeled as changes in inertial and aerodynamic properties for the damaged

blades. Observations from this study are as follows:

1. Longitudinal and lateral hub shears are about 3.5 times less sensitive to

trailing edge flap deflections than other loads. For the baseline rotor, each

hub vibratory load can be separately reduced by more than 98% using

moderate flap inputs (1◦ half peak-to-peak at µ = 0.20). For simultaneous

control of all loads, reductions of more than 60% are achieved for all loads

using flap inputs of amplitude 4◦ half peak-to-peak, with dominant 3/rev

harmonic component.

2. A small mass fault adds a large 1/rev harmonic in the longitudinal and
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lateral hub shears. When controlled simultaneously, all loads are reduced

by at least 40%. This is only slightly better than the performance of a

classical controller. This is because the limit of ±4◦ imposed on the flap

deflection is reached.

3. The aerodynamic fault introduces significant 1/rev and 2/rev components

in the hub rolling and pitching moments, as well as a large 1/rev harmonic

in the vertical hub shear. When controlled simultaneously, all loads are

reduced by more than 70%. This represents a significant improvement

compared to the performance of the classical controller (50%).

4. Significant improvements in vibration reduction are predicted for all ad-

vance ratios from 0.10 ≤ µ ≤ 0.40 using the present individual control

method as compared to a classical control method. At µ = 0.30, the

vibration index reduction is increased from less than 45% to more than

90% using less than 2.5◦ half peak-to-peak flap deflections for both the

structural and aerodynamic faults.
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Figure 5.9: Controller performance to reduce each hub load separately (mass

fault in blade 1, µ = 0.2)
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Figure 5.13: Controller performance to reduce each hub load separately (aero-

dynamic fault in blade 1, µ = 0.2)
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Figure 5.14: Optimal angles required to reduce each hub load separately (aero-

dynamic fault in blade 1, µ = 0.2)
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Chapter 6

Development of an Experimental

Interface

The previous two chapters presented a detailed investigation of the predicted

controller performance using mathematical models of the helicopter. The next

step in the study is to validate experimentally the proposed controller using a

Mach-scaled rotor with trailing edge flaps. This chapter describes the devel-

opment of an experimental interface to test the controller. First, a flap and

actuator system is designed and fabricated. This system is then integrated in

model rotor blades. Finally, a controller interface is developed and tested.

6.1 Flap actuation system

The trailing edge flaps will be actuated using piezo-electric benders. The

motion of the actuator is magnified and transmitted to the flaps using a leverage

mechanism. Two types of leverage mechanism are designed: a hinge based

mechanism, similar to Ref. [62], and a flexure based mechanism.

The hinge-based mechanism showed high sensitivity to free play at hinge

and a drastic drop in peak-to-peak deflection in vacuum chamber rotating tests.
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Figure 6.1: Flap leverage mechanism with flexure

To minimize the effect of friction generated by centrifugal force, a flexure-based

mechanism is designed. In addition, the flexure hinge has advantages such as

smoothness of movement, free of lubrication, and reduced free play [139, 140].

The amplification mechanism for both types of articulation is illustrated in Fig-

ure 6.2. In the flexure design, the flap articulation is realized by two tempered

stainless steel shims, clamped on one side to the flap, and on the other side to

the blade. The actuator motion is transmitted to the flap by means of a rod

attached at the actuator tip which can glide inside a cusp attached to the flap

(Figure 6.1).

Flexure parameters to be determined are its length, width, thickness, and

position with respect to the actuator. These parameters were designed in order

to maximize flap deflection in the vacuum chamber at the operating rotor speed

of 1800 rpm. The maximum flap deflection is determined by the centrifugal

loading at this rpm. The design process is as follows.

The effect of centrifugal load on flap deflection has two parts: (1) the effect on

the actuator alone, and (2) the effect on the flexure-articulated flap.
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Figure 6.2: Stroke amplification using hinge and using flexures

The chordwise component of the centrifugal force creates a lengthwise varying

axial load on the actuator, T (x). Voltage applied to the piezoelectric actuator

creates an induced bending moment MΛ at the actuator tip, as shown in fig-

ure 6.3.

The governing differential equation for a cantilevered beam with an axial

Λ
L

x

Ω
2

M
a, maEI

0x+

Ω

CF

T(x) = ma ( x0 + x) dxL
x

Figure 6.3: Effect of centrifugal loading on actuator
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force is:

EIf w
(4)(x) + (T (x) w(x))′′ = 0 (6.1)

and the following geometric and force boundary conditions must be applied:

w(0) = 0

w′(0) = 0

EIf w
′′(L) = MΛ (6.2)

EIf w
′′′(L) = 0

Assuming the actuator displacement is of the form:

w(x) =
x2

L2
q (6.3)

the external work on the actuator can be expressed as:

δWext = MΛδw
′(L) = 2

MΛ

L
δq (6.4)

Then, the actuator tip displacement can be found using Rayleigh-Ritz analysis:

wtip(Ω) =
wtip(0)

1 + mΩ2

4EIa
( 4

15
L4 + x0

6
L3)

(6.5)

wtip(1800 rpm) = 0.9986 wtip(0 rpm)

The effect of centrifugal loadings on actuator deflection alone is thus negligible.

To predict the effect of centrifugal loading on the flexure-articulated flap, the

static equilibrium of forces and moments on the flexure (as shown in figure 6.4)

is considered and the location of the equivalent hinge axis for the flap is found

to be:

xe = l − l

2

a+ 2bl/3

a+ bl/2
(6.6)

where 2 a = −Fflaph− CFsin(δ)xCG

and 2 b = Fflap − CFsin(δ)
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The flap deflection angle is equal to the bending slope at the tip of the flexure:

w′(l) = tan(δ) =
l

EIf
(a+

bl

2
) (6.7)

The flap deflection angle can also be calculated as a function of the actuator tip

deflection and the equivalent hinge axis location:

tan(δ) =
w(L)

h− l + xe
=

L2

EIa
(FL

3
− MΛ

2
)

h− l + xe
(6.8)

In the above two equations, the unknowns are the flap deflection δ, and the force

exerted by the flap at the actuator tip, Fflap. Because Fflap is a function of δ,

these equations must be solved iteratively to obtain the predicted flap deflection

under centrifugal loading.

Flexure design parameters (length l, thickness t, width w, and distance from

actuator tip h) can then be optimized. The optimization objective is to maximize

flap deflection at the nominal rotor speed (1800 rpm) while satisfying strength
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Figure 6.5: Numerical optimization of flexure parameters

constraints with a factor of safety of 1.5. The optimal design is found to be:

lopt = 0.6mm

topt = 1mil

bopt = 10mm

hopt = 1.1mm

Figure 6.5 shows contour lines of the predicted flap deflection at 1800 rpm with

a flexure of optimal thickness and width, for varying l and h. The predicted

maximum flap deflection is around 8.5 degrees half peak-to-peak. Figure 6.6

shows the complete blade, flap and actuator assembly, and figure 6.7 shows a

close-up of the flexures.
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Figure 6.6: Flap and actuator assembly

Figure 6.7: Flexures
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Figure 6.8: PZT sheet polarization and behavior

6.2 Actuator Fabrication

Actuators are manufactured using commercially available piezo-electric sheets.

The thin sheets (dimension 2in×1in×10mils) are made of a crystalline material

(PZT-5H [134]) possessing piezo-electric properties: after polarization (applica-

tion of a large DC electric field accross the thickness), when an electric field is

applied to the material, the crystalline structure changes shape, producing di-

mensional changes in the material. This is illustrated in Figure 6.8. A voltage

with the same polarity as the poling voltage causes expansion along the poling

axis (i.e. along the thickness) and contraction perpendicular to the poling axis

(i.e. in the plane of the sheet). A voltage with the opposite polarity has the

opposite effect: contraction along the poling axis, and expansion perpendicular

to the poling axis. When exposed to a high electric field opposite to the direc-

tion of polarization, the piezoceramic loses most of its piezoelectric capability.
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Figure 6.9: Actuator fabrication

This is called depoling of the piezoceramic. The DC depoling filed of PZT-5H is

approximately 5.5kV/cm [58], or 140 Volts for the 10 mils thick sheets. Under

dynamic excitation, the depoling field becomes lower than the DC value. An

upper limit for actuation voltage opposite to the direction of polarization was

therefore chosen as:

Vmax = 120 V olts (6.9)

Bimorph is the registered trade name for a double plate ceramic element

manufactured by Morgan Matroc. The two plates are bonded together, or to a

center metal shim, so that they amplify their piezoelectric actions. Commercially

available two-layer bimorphs offer sufficient free displacements but insufficient

actuation force. To achieve both large stroke and large force output, four actua-

tors were manufactured, following the design described in Ref. [133]. Actuators

are fabricated by bonding together 8 piezoceramic sheets on to a middle brass

shim using a high performace adhesive [138]. This is illustrated in Figure 6.9.

The piezoelectric sheets are of different lengths, resulting in a tapered actuator.

Tapering the bender thickness with varying individual sheet lengths can increase

its efficiency [139]. The actuator is shown in figure 6.10. Electrical connections
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Figure 6.10: Actuator

to the actuator layers are such that when the top ceramic sheets expand, the

bottom ceramic sheets contract (in the plane of the PZT sheets), resulting in

a net bending of the actuator. Electrical connections are described in detail in

[133].

The static force and stroke behavior for the four actuators built is shown in

figure 6.11. In this test, the actuator is statically deformed by the application of

a DC voltage, while a load is applied at the tip. The free length of the actuator

is 1 in. Figure 6.11 shows that the maximum force (no stroke) is about 1800

grams and the free displacement (no force) is about 0.4 mm.

Because piezo sheets can be damaged by a high voltage applied opposite

to the polarized direction, testing is performed using a modified sine wave,

where voltages applied in the direction of polarization are three times larger

than voltages applied opposite to the direction of polarization, as illustrated in

Figure 6.12.
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Figure 6.12: Excitation of actuator using 3:1 AC bias
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Table 6.1: Mach scaled model parameters

Parameters Value

Rotor diameter 5 ft

Airfoil section NACA0012

Airfoil chord 3 in

Operating speed 1800 rpm

Tip speed 472 fts−1

Flap span 2.4 in (8% span)

Flap chord 0.6 in (20% chord)

Radial location of flap 75% span

6.3 Blade Fabrication

In order to accommodate the new flexure design, Mach scaled rotor blades [133]

are fitted with aluminum anchor plates as shown in figure 6.6. First, the foam

core is manufactured by molding pieces of high density foam [135] to the NACA

0012 profile using the airfoil mold (Figure 6.3). The anchor plates are bonded

to a graphite-epoxy composite spar using a high-strength film adhesive [136].

This assembly is then embedded in the foam core, wrapped in prepreg E-glass

cloth [137], and cured in the NACA 0012 mold (Figure 6.14). Leading edge

weights are used to ensure each blade section center of gravity is at the quarter-

chord. The blade characteristics are summarized in Table 6.1.

A set of four blades was manufactured. A blade with flexure-articulated flap

is shown in figure 6.15.
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Figure 6.13: Blade foam core inside mold

Figure 6.14: Blade manufacturing
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Figure 6.15: Blade

6.4 Vacuum Chamber Testing

Rotating test in vacuum chamber was conducted to characterize flap deflec-

tions under centrifugal loading (in the absence of aerodynamic forces). The

vacuum chamber has a test section of 10 ft diameter and 4 ft height with a rigid

non-articulated hub that accepts signals from a 100-channel slip-ring. Tests

were conducted at pressures between 1 and 5 millibars. Flap deflections were

determined using a Hall-effect transducer. The magnet for the Hall sensor was

located on the flap, along the virtual flap hinge. The output signal from the Hall

sensor was calibrated to read the flap deflection in degrees using a laser sensor

system. Figure 6.16 shows flap deflection results in vacuum with an excitation

of 190VRMS, at low frequency (5 Hz). These tests show improved flap deflections

using the flexure design compared to the hinge design. Up to 6.5 degrees half

peak-to-peak flap deflection is achieved at the nominal rotor speed of 1800 rpm.

6.5 Controller Interface

To implement the control algorithm, a dedicated computer (Pentium III, 550

MHz PC) was set up with data acquisition board (National Instruments PCI-

MIO-16E-1, 12 bit DAQ board) to host the controller and perform data acqui-

sition and waveform generation. This provides an efficient system to implement

the control algorithm in real time directly in Visual C++. Double buffering is

used on the data acquisition board for simultaneously down-loading the mea-
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Figure 6.17: Controller test set-up

surements from the previous iteration and up-loading the command waveform

for the next iteration to the data acquisition board. In order to test the experi-

117



25

0

50

−25

−50

Converged Control Inputs (Volts) Tip Displacement (mm)

ON

CONTROL

0 90 180 270 360

4

2

0

−2

−4
20 600 40

Number of iterationsOne cycle

2

3

4

Actuator 1

Figure 6.18: Controller test results

mental interface, a simple experiment was set up. A clamped beam was excited

in bending by a pair of surface-attached piezoelectric elements located at some

distance from the root (figure 6.17). The goal of this test was to reduce the tip

displacement using another 4 smaller size piezoelectric benders (two identical

piezos on either surface) located near the root. Because the four benders are

located at different locations along the beam, their efficiency in affecting the

tip vibration is different. It is expected that the controller will adjust the in-

put voltages to each actuator based on their respective efficiency. Test results

are shown in figure 6.18. The figure shows that the control algorithm generates

four different inputs for piezo benders near the root, and the tip vibration is

minimized.
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6.6 Summary

In this chapter, the fabrication of a Mach-scaled smart rotor including piezo-

bender actuated trailing edge flaps was described. Two trailing edge flap leverage

mechanisms were designed. Compared to a hinge based mechanism, a flexure

based mechanism showed improved flap deflection with an increase in rpm. The

new flexure based mechanism was designed for maximum flap deflection at 1800

rpm in vacuum. A set of four Mach scaled smart blades was fabricated and flap

deflections were measured in vacuum. Flap deflections of up to 6.5 degrees half

peak-to-peak were achieved at the nominal rotor speed of 1800 rpm. The control

code was also adapted for real-time use and tested using a simple experimental

set-up.
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Chapter 7

Closed Loop Control: Reduction of

Rotating Frame Loads

This chapter describes a series of tests conducted on the hover stand and in

the Glenn L. Martin wind tunnel at the University of Maryland. The controller

closed loop performance was investigated with the control objective limited to

rotating frame loads.

7.1 Hover Stand Testing

Hover testing was performed on a rotor test stand equipped with a one-

seventh scale Bell-412 Mach-scaled rotor hub. This hub consists of two composite

yokes that are stacked perpendicular to each other. Each yoke can accommodate

two blades. The yokes are designed to act as virtual hinges for flap and lead-lag

motion. Blade feathering is achieved via an elastomeric pitch bearing. Two sets

of elastomeric lag dampers are installed on each yoke to ensure aeroelastic stabil-

ity. In addition to the yoke gages, the rotor rig is equipped with a six-component

fixed frame balance. Data are transferred between the rotating and fixed frames

though two slip rings, one for actuation and the other for sensing purposes. The
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Figure 7.1: Hover Test: Flap deflection variation with rpm, 190VRMS excitation

rotor rpm is controlled by a variable speed, water-cooled, hydraulic motor and

pump rated for 55 HP (maximum speed 6000 rpm). A belt and pulley arrange-

ment connects the motor to the rotor shaft. The Mach-scaled operating speed

for the Bell-412 rotor is 2000 rpm, however for the present testing the operating

speed was limited to 1800 rpm in order to stay within the centrifugal load limits

for the rotor hub. The nominal tip Mach number at 1800 rpm (5 ft diameter

rotor) is 0.45. Figure 7.1 shows the results on a hover stand test where test

was carried out at collective angle of 4◦, varying the rotor speed from 0 to 1800

rpm, and exciting the actuator at an RMS voltage of 190 V, at frequencies from

1/rev to 5/rev. Results show that flap deflections increase at higher excitation

frequencies. The nonrotating first natural frequency for the actuator-flap sys-

tem is around 35 Hz. This frequency increases somewhat with rotor speed. As

the flap excitation frequency nears the resonance frequency, the flap deflection

amplitude increases. Flap deflections of more than 8 degrees peak to peak were

measured at 1800 rpm.
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Figure 7.2: Closed loop test, hover, 500 rpm, control objective is My at root of

blade 1: vibratory load and flap deflection

7.1.1 Closed Loop Tests

Closed loops tests were conducted in hover to demonstrate the controller’s

ability to minimize the background vibration. For all tests, the control objective

to minimize is the vibratory root flap bending moment, My.

One iteration of the controller consists of:

1. Output control command to the blades,

2. Wait for three rotor revolutions (to ensure the transient has died out),

3. Acquire vibration data for one rotor revolution,

4. Update system parameters F0 and T ,
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Figure 7.3: Closed loop test, hover, 500 rpm, control objective is My at root of

blades 1 and 3 : vibratory loads

5. Compute optimal control command.

Zero initial conditions are used for the identification of system parameters (un-

controlled vibration F0 and transfer matrix T ). For the first 100 iterations, the

last step (computation of optimal control command) is not performed. Instead

a waveform is generated of random phase and frequency content. This ensures

more accurate identification of the system parameters. After the 100th itera-

tion, control is turned on: system identification and control are then performed

simultaneously.
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Figure 7.4: Closed loop test, hover, 500 rpm, control objective is My at root of

blades 1 and 3 : flap deflections
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Data sampling and command up-loading are synchronized to the rotor speed

via a 60/rev tachometer (data are acquired and waveform is output at a rate of

60 data points per rotor revolution). For all closed loop tests presented here, the

collective angle is 2◦ and the shaft tilt angle is 2◦. For the generated flap actua-

tion and acquired vibration data, Nh = 5 is used. Also, in order to protect the

actuators, an upper limit γmax = 160VRMS is imposed on the control command.

Figure 7.2 shows the closed loop test results with one active flap (on blade

1). The control objective is My at the root of blade 1. Figure 7.2(a) shows the

baseline (without flap deflection) and controlled (after controller has converged

to optimal flap actuation) vibratory flap bending moment time trace for one

rotor revolution (only the first 5 harmonics are included). The vibration in

hover is dominated by the 1/rev signal, arising from imperfect trim condition.

Figure 7.2(b) shows the harmonic content of these loads. After the controller is

set on, the 1/rev component is reduced by over 95%. Figure 7.2(c) shows the

time trace of the optimal flap command voltage generated by the controller. Also

shown is the actual flap deflection measured by the Hall effect sensor (dashed

line). To facilitate comparison, the flap deflection signal is scaled to match

the peak-to-peak amplitude of the command voltage. Figure 7.2(d) shows the

harmonic content of the flap actuation and resulting flap deflection, again with

matched amplitudes. The controller generates a control waveform with a large

dominant 1/rev. Note that the control weights for flap actuation Wγ have been

adjusted so that the maximum value γmax = 160VRMS is reached, as described

in the first section. The maximum half peak-to-peak flap deflection is 7.4◦.

Figures 7.3 and 7.4 show closed loop test results for the simultaneous reduc-

tion of My at the root of blades 1 and 3, with two active flaps. Figure 7.3 shows

the vibratory root bending moments before and after control. Time traces as

well as harmonic contents are presented. For both blades, vibration is reduced

by over 93%. Figure 7.4 shows the corresponding optimal control command
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voltage for both blades. Superimposed in dashed line is the matched amplitude

resulting flap deflections, as measured by the Hall effect sensors. The signal

is again dominantly 1/rev, with small 4 and 5/rev components. Even though

the weights for flap actuation are such that the command voltage reaches the

maximum value of 160VRMS for both actuators, the maximum flap deflection

differs (8.4◦ and 5.7◦). Any dissimilarity in blades is automatically compensated

through different actuations applied to blades. As a result, vibratory loads on

both blades are minimized simultaneously.

Finally, Figures 7.5 and 7.6 show closed loop test results for the simultaneous

reduction ofMy at the root of blades 1, 2 and 3, with three active flaps (on blades

1, 2 and 3). Figure 7.5 shows the vibratory root bending moments before and

after control. Peak-to-peak vibratory bending moment is reduced by 87% for

blade 1, 56% for blade 2, and 75% for blade 3. Overall, the vibration index J is

reduced by 77%. Figure 7.6 shows the corresponding optimal control command

voltage for each flap. The controller generates command inputs with a dominant

1/rev harmonic for blades 1 and 3, but 5/rev for blade 2. The 5/rev in flap 2

actuation comes from the fact that the weight associated with γ2 is adjusted so

that the maximum voltage is reached. In this case, even a small flap actuation

is enough to cancel My vibration in blade 2, if only blade 2 is active. Therefore,

in order to reach the maximum flap actuation, the weight generated for blade 2

is very small. As a result, higher harmonics which are not very sensitive to flap

deflections become large in the command voltage.

Note, simultaneous vibration reduction for all four blades could not be at-

tempted because only three power amplifiers were functional at the time of test-

ing.
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7.2 Wind Tunnel Testing

The 4-bladed smart rotor model was then tested in the Glenn L. Martin wind

tunnel. It is a closed section, closed circuit wind tunnel with a rectangular test

section (dimensions of 11ft × 7.75ft). The rotor rig assembly was set up in

the test section (Figure 7.7). The rotor rig with the Bell-412 hub and hydraulic

motor was mounted on an adjustable post, which could be pivoted to change

shaft tilt angle. Before turning on the active controller, the rotor was trimmed

for the particular flight condition by adjusting the longitudinal and lateral cyclics

to minimize the root cyclic flap bending moment of two consecutive blades.

Figure 7.8 shows closed loop test result at a rotor speed of 1200 rpm, wind

speed of 27 miles per hour (advance ratio 0.13), collective angle of 2 degrees, and

shaft tilt of 2 degrees. The control objective is the vibratory flap bending moment

at the root of blade 3, with a single active blade. Figures 7.8(a) and 7.8(b) show

the vibration before and after control. For this forward flight condition, large 1

and 3/rev harmonics are present. After controller is on, the 1/rev harmonic is

reduced by 66% and the 3/rev harmonic by 34%. The overall cost function is

reduced by 50%. Figures 7.8(c) and 7.8(d) show the command voltage generated

and the resulting flap deflection. The major flap deflection harmonics are 1/rev

and 3/rev. The maximum actuation voltage of 160VRMS (saturation limit) is

reached and the controller is not able to reduce vibration further.

Figure 7.9 shows the time traces of several parameters during this test. Fig-

ure 7.9(a) shows the variation of the norm of the predicted uncontrolled vibra-

tion. System identification begins with zero initial condition and converges after

about 40 iterations. Figure 7.9(b) shows the variation of the norm of the pre-

dicted transfer matrix. It also starts with zero initial condition, and converges

after about 100 iterations. Figure 7.9(c) shows the time history of the predic-

tion error, expressed in percentage of the norm of the uncontrolled vibration.
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Prediction error becomes less than 20% after about 40 iterations, even though

the transfer matrix is still being adjusted. Figure 7.9(d) shows the time trace

of the root flap bending moment. The variations in amplitude for the first 100

iterations are due to the random inputs used for initial system identification.

After control is turned on, the vibration level is immediately reduced by about

50%.

Next, another series of wind tunnel tests were performed at 1500 rpm, with

wind speed of 32 miles per hour (advance ratio µ = 0.12). For these tests, thicker

flexures were used for safety, resulting in smaller flap deflections. As a result, only

single harmonics were targeted. Figure 7.10 shows results when the objective

is the 3/rev component of the root flap bending moment of blade 2. Once the

controller is on, the 3/rev component is reduced by 40%. The main harmonic

in the flap deflection is 3/rev, and the maximum flap deflection is only 2.5◦.

Figure 7.11 shows results when the objective is the 4/rev component of the root

flap bending moment of blade 2. The 4/rev component is reduced by 91%. The

main harmonic in the flap deflection is 4/rev, and the maximum flap deflection is

only 1.6◦. Note that in this case, the maximum flap actuation of 160VRMS is not

reached: a further decrease of the weight associated with flap deflection would

not result in any more vibration reduction. Figure 7.12 shows results when the

objective is the 5/rev component of the root flap bending moment of blade 2.

The 5/rev component is reduced by 91%. The major harmonic component in

the flap deflection is 5/rev, and the maximum flap deflection is only 2.8◦.

Finally, controller performance during a transient flight condition is investi-

gated. Results are shown in figure 7.13. At iteration zero, the rotor is trimmed

at the flight condition of 1000 rpm and 27 mile per hour (µ = 0.15). The control

objective is the 1/rev component of the root flap bending moment of blade 1.

For the first 100 iterations, baseline data are collected (flap is inactive) From

iteration 100 to 200, random inputs are sent for system identification from
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zero initial condition. Figures 7.13(a) and 7.13(b) show the variation of the

identified parameters: norm of F0, the norm of the uncontrolled vibration F0

(Figure 7.13(a)) and the norm of the transfer matrix T (Figure 7.13(b)). Fig-

ure 7.13(c) shows the prediction error decreasing as the parameters are updated

to more accurate values. From iteration 200 onward, controller generated com-

mand inputs are used instead of the random inputs. Around iteration 225, the

rotor speed is suddenly increased to 1100 rpm, without changing the rotor trim.

Figure 7.13(a) shows that this sudden change results in increased uncontrolled

vibration. Also, the norm of the transfer matrix T decreases (Figure 7.13(b)),

indicating that vibration is less sensitive to flap deflections. Figure 7.13(c) shows

a brief increase in prediction error between iterations 225 and 240, as the param-

eters F0 and T are adjusted to their new values. Figure 7.13(d) shows the time

trace of the objective function (1/rev vibration). As soon as the active controller

is turned on, the 1/rev is reduced by about 80%. When the rotor speed change

occurs, the 1/rev vibration increases, but remains lower than the new baseline

vibration level at 1100 rpm. The vibration reduction after rpm change is about

50%, compared to 80% at the lower rotor speed. This is consistent with the

changes in F0 and T described above. After the 300th iteration, the controller

is turned off and the new baseline data corresponding to 1100 rpm are collected

for the last 100 iterations.

7.3 Summary and concluding remarks

This chapter described wind tunnel testing of a new controller to reduce

helicopter vibrations using trailing edge flaps. This new controller takes into

account rotor dissimilarities and allows different control inputs to be applied to

each trailing edge flap.

A Mach-scaled four-bladed rotor with piezo-bender actuated trailing edge
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flaps was used to demonstrate the controller’s ability to minimize vibratory loads

in the rotating frame. In hover test, at 1800 rpm, flap deflections of 4◦ half peak-

to-peak were measured.

Closed loop tests were conducted in hover and forward flight to minimize the

vibratory blade root flap bending moment.

In hover, at 500 rpm, the 1/rev vibration was reduced by more than 90%,

for a single active blade as well as for several active blades simultaneously.

In forward flight, the controller performance was limited because of larger

vibration levels and smaller available flap deflections. At 1200 rpm, and wind

speed of 27 mph (µ = 0.13), vibration in the rotating frame was primarily

1 and 3/rev. The 1/rev component could be reduced by 66% and the 3/rev

component by 34% simultaneously. At higher rotor speed (1500 rpm), thicker

flexures were used for safety, resulting in smaller flap deflections. As a result,

only single harmonics could be targeted. At 1500 rpm, and wind speed of 32 mph

(µ = 0.15), the 3/rev harmonic component of vibration was reduced by 40%,

and the 4 and 5/rev harmonics were reduced by more than 90% when targeted

alone, with flap deflections smaller than 2.8◦. The controller performance was

also investigated in a transient flight condition (increase of rotor speed), while the

adaptive controller was on. Vibration levels were maintained below uncontrolled

levels at all times during the flight condition change.
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Figure 7.7: Rotor in Wind Tunnel

133



0 90 180 270 360

−5

0

5

M
y (

lb
 in

):
 ti

m
e 

tr
ac

e

(a)

Baseline  
Controlled

1 2 3 4 5

0

1

2

3

M
y (

lb
 in

):
 h

ar
m

on
ic

s
(b)

Baseline  
Controlled

0 90 180 270 360

−200

0

200

F
la

p 
ac

tu
at

io
n 

(V
ol

t)
: t

im
e 

tr
ac

e

(c)      Azimuth (deg)

Blade 3      δ
max

 = 6.4 deg

Flap actuation 
Flap deflection

1 2 3 4 5

0

50

100

150

200

F
la

p 
ac

tu
at

io
n 

(V
ol

t)
: h

ar
m

on
ic

s

(d)       per rev

Flap actuation 
Flap deflection

Figure 7.8: Closed loop test, 1200 rpm, 27 mph, control objective is My at root

of blade 3: vibratory loads and flap deflections

134



0 20 40 60 80 100 120 140
0

0.02

0.04

0.06

(a)

N
or

m
 o

f P
re

di
ct

ed
 

U
nc

on
tr

ol
le

d 
V

ib
ra

tio
n 

|| 
F 0 ||

0 20 40 60 80 100 120 140
0

2

4

6
x 10

−3

(b)

N
or

m
 o

f P
re

di
ct

ed
 

T
ra

ns
fe

r 
M

at
rix

 ||
 T

 ||

0 20 40 60 80 100 120 140

0

50

100

150

(c)

P
re

di
ct

io
n 

er
ro

r 
ε 

(%
)

0 20 40 60 80 100 120 140
−10

−5

0

5

10

(d)

B
en

di
ng

 m
om

en
t M

y (
lb

 in
)

tim
e 

tr
ac

e

Identification 

Control 

Number of iterations 

Figure 7.9: Closed loop test, 1200 rpm, 27 mph, control objective is My at root

of blade 3: time traces

135



0 90 180 270 360

−5

0

5

M
y (

lb
 in

):
 ti

m
e 

tr
ac

e

(a)

Baseline  
Controlled

1 2 3 4 5

0

0.5

1

1.5

2

M
y (

lb
 in

):
 h

ar
m

on
ic

s
(b)

Baseline  
Controlled

0 90 180 270 360

−200

0

200

F
la

p 
ac

tu
at

io
n 

(V
ol

t)
: t

im
e 

tr
ac

e

(c)     Azimuth (deg)

Blade 2      δ
max

 = 2.5 deg

Flap actuation 
Flap deflection

1 2 3 4 5

0

50

100

150

200

F
la

p 
ac

tu
at

io
n 

(V
ol

t)
: h

ar
m

on
ic

s

(d)       per rev

Flap actuation 
Flap deflection

Figure 7.10: Closed loop test, 1500 rpm, 32 mph, control objective is 3/rev My

at root of blade 2
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Figure 7.11: Closed loop test, 1500 rpm, 32 mph, control objective is 4/rev My

at root of blade 2
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Figure 7.12: Closed loop test, 1500 rpm, 32 mph, control objective is 5/rev My

at root of blade 2
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Chapter 8

Closed Loop Control: Reduction of

Fixed Frame Loads

In this chapter, the controller’s ability to reduce vibratory loads in the fixed

frame is experimentally investigated, using the Mach-scaled rotor with all four

flaps active simultaneously. First, closed loop tests on the hover stand are pre-

sented, followed by closed loop tests in the Glenn L. Martin wind tunnel at the

University of Maryland.

8.1 Controller tests on the hover stand

This section describes tests on the hover stand to demonstrate the controller’s

ability to affect the vertical fixed frame vibration at different frequencies.

In hover, with identical blades, both rotating frame and fixed frame loads are

steady with no vibratory components. If the blades are dissimilar and no cyclic

input is used, the rotating frame loads are still steady (although steady values

will vary from blade to blade), and the vertical load also remain steady. If cyclic

inputs are used, the vertical rotating frame loads become oscillatory at 1/rev.

This vibration is filtered out in the fixed frame only if the blades are identical.
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If the blades are dissimilar, the filtering effect of the rotor is imperfect and some

1/rev vibration is transmitted to the fixed frame via the hub.

Rotor mass imbalance is minimized by adding corrective weights at the root

of the blades. However, it is difficult to correct aerodynamic differences between

the blades. Therefore, because of a combination of imperfect trim and blade

dissimilarities, the vertical hub load is oscillatory. The controller objective can

then be set to minimize these vibrations.

In forward flight, because of asymmetric flow-field, unsteady airloads, and

blade dynamics, the rotating frame loads consist of multiple harmonics. The

control objective would then also include the 4/rev arising from the 3, 4, and

5/rev components of rotating vibration. In hover, the 4/rev component of vibra-

tion is negligible. In order to investigate the controller’s ability to affect both the

1/rev and 4/rev loads in the fixed frame simultaneously, the control objective

for the hover test is set to reduce the 1/rev part but generate a 4/rev load of

given amplitude and phase.

The following tests are performed at a rotor RPM of 1500, and collective

angle of 2 degrees.

8.1.1 Control using individual blade inputs

In this section, the individual control method is used to control the verti-

cal hub vibration, with separate transfer matrices identified for each blade and

independent inputs generated for each flap.

Reduction of the 1/rev component in hover

Figures 8.1 and 8.3 show closed loop results for the reduction of the 1/rev

component of vertical vibration. In Figure 8.1, the evolution of four test param-

eters during the test is shown. The test consists of 4 phases, defined as follows
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and carried out in sequence:

1. Baseline: no command inputs to the flaps

2. Identification: inputs of varying amplitude, frequency and phase are used

to identify the transfer matrices

3. Control: optimal inputs are generated, closed loop control and system

identification are performed simultaneously

4. Back to baseline: no command inputs to the flaps

The uncontrolled vibration F0 and the transfer matrix TFz , between flap inputs

and vertical hub vibration, are identified. F0 converges in about 60 iterations

(Figure 8.1(a)), and TFz in about 140 iterations (Figure 8.1(b)). One iteration

corresponds to about 8 rotor revolutions. The prediction error (Figure 8.1(c))

gradually decreases during identification, with a sudden increase after control

is started. This is because as soon as optimal control inputs are used, both

the measured and predicted vibration levels become very small, as seen in Fig-

ure 8.1(d). During identification, the command input is sent to one blade at a

time in the manner pictured in Figure 8.2:

1. One blade at a time is actuated, at a frequency from 1/rev to 5/rev.

2. Actuation amplitude is chosen randomly from 160 Volts to 200 Volts.

3. Phase of actuation is random.

In Figure 8.1(d), the spikes observed during identification appear when the ap-

plied input is at the frequency of 1/rev, i.e. every 20 iterations. The predicted

1/rev vibration amplitude is also shown in black dots: at the beginning of the

identification phase, prediction is zero because no previous information on the

rotor is used. Towards the end of the identification phase, measurements and
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prediction are in good agreement: in particular, the peaks corresponding to the

1/rev inputs are well predicted. As soon as the control phase starts, the 1/rev

is reduced by about 90% and remains at that level until control is off and 1/rev

vibration returns to its baseline level (about 2 lbs).

Figure 8.3 shows the converged control inputs. As in the previous section,

both the actuation command and the actual deflections measured by the Hall

effect sensors are represented, with matched amplitudes to facilitate compari-

son. The maximum flap deflection reached is also indicated. For the command

voltage, an average upper limit of 200 Volts is imposed (100 Volts against the

direction of polarization, and 300 Volts in the direction of polarization). This

limit, shown in dotted lines in the figure, is not reached for any of the blades.

Flap deflections required are small, around 1 degrees for all blades except blade

3 (3.1 degrees). Flap deflections are dominantly 1/rev, and almost exactly in

phase with each other. In this way, the 1/rev vertical loads produced at the root

of each blade add up and result in a fixed frame 1/rev vertical vibration of same

phase and larger amplitude, which cancels the existing vibration.

Reduction of 1/rev component and generation of a prescribed 4/rev

component

Figures 8.4 to 8.6 describe a feedback control test with the objective function

for the vertical hub load including both the reduction of the 1/rev vibration

as well as the generation of a 4/rev vibration, of amplitude 4.7 lbs and phase

90 degrees. The target amplitude was chosen based on open-loop tests which

indicated it was possible to generate a 4/rev component of this amplitude. The

target phase of 90◦ is with respect to the time at which continuous data acquisi-

tion is started. Starting of continuous data acquisition is triggered by the 1/rev

signal from the rotor hub, which occurs when blade 1 is at the rotor azimuth 0◦.
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However, significant noise in the 1/rev signal causes the continuous data acqui-

sition and waveform generation to start at a random time instead of when the

rotor is in a particular configuration. As a result, the actual target phase with

respect to rotor azimuth 0◦ can be different from 90◦. This problem is illustrated

in Figure 8.7.

Figure 8.4 shows the evolution of parameters during the test. The same

phases as in the previous test are followed and indicated on the figure. How-

ever in this test, non-zero initial values for the uncontrolled vibration F0 and

the transfer matrix TFz are used (equal to the converged values after the first

test). If the rotor characteristics and flight conditions have not changed, accurate

identification and convergence should be obtained as soon as the identification

phase is started. However, this is not seen in Figure 8.4, where instead, both

F0 and TFz are modified significantly from their initial values. This is because

of noise in the 1/rev trigger signal: because triggering occurs at a random time,

phase information is lost, and it is no longer possible to use previously identified

parameters. This problem was later fixed by filtering the 1/rev signal and, as

a result, previous data could be effectively used. Note that even though phase

is different, amplitude of parameters should still remain same. This is true for

the uncontrolled vibration F0, however, the new transfer matrix TFz has a sig-

nificantly smaller norm. This indicates the actuation system has lost efficiency

compared to the previous test: a same voltage input results in less effect in the

fixed frame.

Figure 8.5 shows the evolution of the 1/rev and 4/rev components of the

normal force during the test. Figure 8.5(a) shows the amplitude of the 1/rev

component, Figure 8.5(b) shows the amplitude of the 4/rev component, and

Figure 8.5(c) shows the phase of the 4/rev component. The 1/rev vibration in

vertical hub force is reduced by about 83%, while a 4/rev vibratory component

is generated, with amplitude 2 lbs and phase 90 degrees. This amplitude corre-
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Figure 8.4: Target reduction of 1/rev hub vertical force Fz and generation of

a prescribed 4/rev component using individual inputs: time history of various

parameters
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sponds to 40% of the target value. The target amplitude (4.7 lbs) for the 4/rev

component is not achieved because the necessary actuation voltage exceeds the

maximum allowable value. This is apparent in Figure 8.6, which shows the con-

verged optimal angles. Contrarily to the previous test, the maximum actuation

command of 200 V is reached for all blades. Peak deflections between 3.3 degrees

and 5.3 degrees are achieved for all flaps. Flap 4 deflection is larger because the

control input generated for this particular blade is dominantly 4/rev and near

the resonance frequency of the flap and actuator system. For other blades, the

control command is mainly at 1/rev, with smaller harmonics such as 4/rev for

blade 3 and 3/rev for blade 1.

Generation of a prescribed 4/rev component

The objective of this test is to generate a 4/rev component in the vertical

hub load. The target amplitude is 4.7 lbs and the target phase is 90 degrees.

Figure 8.8 shows the variation of some identified parameters (uncontrolled vibra-

tion, F0, and transfer matrix TFz) during the test. Figure 8.9 shows the variation

of the 4/rev component, both in amplitude and phase. Before control, the 4/rev

component is very small. After control is turned on, a 4/rev component is gen-

erated of amplitude 3.2 lbs and phase 90 degrees. Similar to the previous test,

initial values were used for identification, equal to the converged values of the

previous test, and as a result, the duration of the identification phase was de-

creased to 50 iterations. However, because of incorrect triggering, this initial

condition is incorrect, and identified parameters do not have enough time to

converge to accurate values (Figure 8.8(c)). Indeed, the 4/rev peaks observed

due to 4/rev flap input during identification are not well predicted. Despite this,

the control objective is almost achieved, with correct phase and amplitude equal

to 70% the target value. Figure 8.10 shows the flap actuation generated by the
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Figure 8.8: Generation of a prescribed 4/rev component in hub vertical force Fz

using individual inputs: time history of various parameters
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Figure 8.9: Generation of a prescribed 4/rev component in hub vertical force Fz

using individual inputs: time history of 4/rev
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controller after convergence, together with the resulting flap deflections. The

main harmonic, for all flaps, is 4/rev, but other harmonics are significant, for

example 5/rev for blade 3, and 3/rev for blade 4.

Actual flap deflections follow closely the actuation command, with a phase

lag of about 9 degrees, and peak deflections from 2.6 degrees (for blade 4) to 6.5

degrees (for blade 2).

Figure 8.11 shows a graphical representation of the identified transfer TFz .

This transfer matrix relates the harmonics of flap input to the harmonics of the

vertical vibration (5 × 5 matrix), for each of the 4 blades. In the figure, the

4 matrices are represented for each of the three tests described above. Only

the absolute values are shown. The value of matrix elements is indicated by

their color: the darker the element, the larger its value. Therefore, a dark

square indicates a particular harmonic of flap input that is efficient in affecting

a particular harmonic of the vertical hub load. Conversely, white squares signal

harmonics of flap input which have little effect on a particular harmonic of the

vertical hub load. The same color scale is used for all transfer matrices, allowing

comparison between different blades and different tests. For example, in the first

test (objective is 1/rev reduction), flap 3 appears to be more efficient than other

flaps in affecting the 1/rev in vertical vibration. This explains why the control

actuation generated for this blade is larger. Also, other flap harmonics have

negligible effect on the 1/rev vibration, which is why the actuation command

generated is very dominantly 1/rev. Comparing flap efficiency from test to test,

it is apparent that flap 3 becomes less and less efficient in affecting the vertical

hub load. Some loss in efficiency is also observed for flaps 1 and 4.

These tests show the ability of the individual blade controller to affect both

4/rev and non-4/rev vibration simultaneously. In the next section, these results

are contrasted with performance of a controller which applies the same command

input to all flaps, with a 90 degrees phase shift.
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8.1.2 Control using phase-shifted blade inputs

The three tests that were described in the previous section are repeated, but

flap inputs are no longer independent. Flap inputs are now forced to be identical,

except for a 90 degrees phase shift from blade to blade.

Reduction of the 1/rev component and generation of a prescribed

4/rev component

First, the target load is the vertical hub load, and the control objective is

reduction of the 1/rev component and generation of a 4.7 lbs amplitude, 90

degree phase 4/rev component.

Identification of parameters is shown in Figure 8.12. Initial conditions equal

to zero are used. Convergence is achieved after about 100 iterations, and pre-

diction error becomes less than 20%. Figure 8.13 shows the evolution of the

control objectives during the test. Figure 8.13(a) shows the amplitude of the

1/rev component, Figure 8.13(b) shows the amplitude of the 4/rev component,

and Figure 8.13(c) shows the phase of the 4/rev component.

This control method is not efficient in affecting the 1/rev component, which

is reduced by only 20%. This illustrates the limitation of the classical control

method to reduce non-Nb/rev vibration. A 4/rev component is generated, but

with amplitude 1.7 lbs, and phase 60 degrees. The small reduction in 1/rev

vibration is due to the fact that flaps and actuators are dissimilar, therefore

identical actuation can result in slightly dissimilar deflections. Figure 8.14 shows

the flap actuation generated by the controller after convergence, together with

the resulting flap deflections. Flap actuation is same for all blades, but actual

flap deflections differ from blade to blade because of differences in the flap and

actuator assembly. The controller generates a flap command with large 1/rev

and 4/rev components, and a smaller 2/rev component.
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Figure 8.12: Target reduction of 1/rev hub vertical force Fz and generation of a

prescribed 4/rev component using phase-shifted inputs: time history of various

parameters
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Figure 8.13: Target reduction of 1/rev hub vertical force Fz and generation of

a prescribed 4/rev component using phase-shifted inputs: time history of target

harmonics
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Figure 8.14: Target reduction of 1/rev hub vertical force Fz and generation of a

prescribed 4/rev component using phase-shifted inputs: optimal flap inputs
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Reduction of the 1/rev component

Next, the target load is set to the vertical hub load, and the control objective

is reduction of the 1/rev component alone.

Figure 8.15 shows the flap actuation generated by the controller after conver-

gence, together with the resulting flap deflections. As in the case of individual

control, the main harmonic is 1/rev. However, the phase is not identical for all

blades but differs by 90 degrees between adjacent blades. Therefore, we expect

a smaller effect in the fixed frame than if they were phased together. This is

observed in Figure 8.16(d): the 1/rev vibration is only reduced by 35%. Again,

this small reduction is due to the dissimilarities between flaps and actuators in

different blades. If the blades were identical, no effect at all would be observed.

Generation of a prescribed 4/rev component

Finally, the closed-loop test to generate a 4/rev component in the vertical

hub load is repeated, using phase-shifted flap inputs. The target amplitude of

this prescribed 4/rev component is 4.7 lbs and the target phase is 90 degrees.

Figure 8.17 shows the optimal flap inputs after controller convergence. The

generated flap deflections are dominantly 4/rev for all blades. In this test, no

vibration at non-kNb/rev harmonic is targeted, therefore a control scheme using

phase-shifted inputs is expected to perform well.

Indeed, Figure 8.18 shows that the control objective is achieved exactly: a

4/rev component is generated with amplitude 4.7 lbs, and phase 90 degrees. This

can be compared with the performance of the control scheme using individual

flap inputs (Figures 8.9 and 8.10), which could generate a 4/rev component at

the correct phase (90 degrees), but at only 70% the target amplitude (3.2 lbs).

The reason the individual controller is not performing as well as the classical

controller in this particular case comes from the way limits are imposed on the
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Figure 8.15: Target reduction of 1/rev hub vertical force Fz using phase-shifted

inputs: optimal flap inputs
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Figure 8.16: Target reduction of 1/rev hub vertical force Fz using phase-shifted

inputs: time history of various parameters
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Figure 8.17: Generation of a prescribed 4/rev hub vertical force Fz component

using phase-shifted inputs: optimal flap inputs
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Figure 8.18: Generation of a prescribed 4/rev hub vertical force Fz component

using phase-shifted inputs: time history of 4/rev amplitude and phase
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Figure 8.19: Limiting the control inputs by scaling

control inputs. In all the previous tests, flap actuation is limited by applying

a scaling factor to the computed optimal actuation if it exceeds the maximum

allowable value, as illustrated in Figure 8.19.

This is an unconstrained optimization solution scaled to satisfy practical

limitations, and therefore may not coincide with the optimal solution of the con-

strained minimization problem. The scaling method modifies the unconstrained

solution by applying the same scaling factor to all harmonics. In fact, the opti-

mal solution may be to apply different scaling factors to each harmonic, so that

the resulting signal in the time domain does not exceed the maximum allowable

value. This minimization problem with non-linear constraints can be solved us-

ing the Matlab subroutine FMINCON . This allows the practical limitation to

be part of the optimization process.

Figure 8.20 shows the improvement in performance when the constrained

optimization problem is solved. Flap actuations computed using FMINCON

are shown in solid line. Flap actuation computed using a weighting function,

followed by scaling are shown in dashed line. The control objective is to gen-

erate of a 4/rev vibratory load of amplitude 4.7 lbs. Figure 8.20(e) shows the

predicted amplitude of the 4/rev, based on the identified transfer matrix. Using
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constrained optimization, the control objective is achieved. The flap inputs gen-

erated are almost exclusively at a frequency of 4/rev and with almost the same

phase for all blades. Note that this actuation is very similar to that generated

by the classical controller in Figure 8.18. This test demonstrates that solving

the constrained optimization problem accurately yields better results. However,

this method is prohibitively time consuming and can not be used in real time

during the test using the present computer.

8.2 Controller Tests in Wind Tunnel

This section describes closed loop tests performed in the Glenn L. Martin

wind tunnel, when the control objective is the reduction of vibratory components

of single or several fixed frame loads.

Unless otherwise mentioned, tests are performed at the following flight con-

dition:

1. Rotor speed: 1500 RPM

2. Wind speed: 67 mph (advance ratio µ = 0.25)

3. Collective angle: 2 degrees

4. Shaft tilt angle: 2 degrees

Cyclic angles are adjusted before each closed loop test to minimize the 1/rev

blade root bending moments in the rotating frame and subsequently left un-

changed during the test. For all tests in this section, the flap actuation is main-

tained within the ±200V olts limits by using truncated inputs instead of scaled

inputs, as illustrated in Figure 8.21.
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Figure 8.21: Applying limits using scaled inputs or truncated inputs

8.2.1 Test 1: reduction of normal force vibration at 1/rev

Figures 8.22 to 8.24 describe a closed loop test when the control objective

is the reduction of the 1/rev component of the vertical hub load. Figure 8.22

shows the magnitude of vibratory hub loads before and after control. At this

flight condition, the vertical hub load before control consists of a dominant 1/rev

harmonic component (about 10 lbs), and smaller 3/rev (about 5 lbs) and 4/rev

(about 1.5 lbs) components. After control, the 1/rev component is reduced by

about 50%. However, this reduction in vertical vibration is accompanied by an

increase in 1/rev vibration for the pitching moment (by about 40%). Although

not included in the cost function, the 3/rev component of the normal force is

also reduced by 25%. Other harmonics of the vertical hub force have increased.

Figures 8.23(a) to (c) show the time history of identified parameters, and

Figure 8.23(d) shows the time history of the objective function during the test.

Control inputs after convergence are shown in Figure 8.24. Flap actuation signals

are truncated for all blades. All harmonics (from 1/rev to 5/rev) appear to be

important, with a dominant 4/rev component for blades 2 and 3.

For this test, the actuation signal is truncated whenever the controller gener-
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Figure 8.22: Target reduction of 1/rev hub vertical force Fz: effect on hub loads

171



20 170 210

0

0.02

0.04

(a)

N
or

m
 o

f p
re

di
ct

ed
   

   
   

   
 

un
co

nt
ro

lle
d 

vi
br

at
io

n 
||F

0||

Control

20 170 210

0

5

10

x 10
−6

(b)

N
or

m
 o

f p
re

di
ct

ed
   

   
   

  
 tr

an
sf

er
 m

at
rix

 ||
T

F
z||

Baseline Baseline

20 170 210

0

50

100

150

Identification

P
re

di
ct

io
n 

er
ro

r 
ε 

(%
)

(c)

20 170 210

0

5

10

15

A
m

pl
itu

de
 o

f 1
/r

ev
 

 fo
r 

F
z (

lb
s)

 

(d)     Iterations

Measured
Predicted

Figure 8.23: Target reduction of 1/rev hub vertical force Fz: time history of

various parameters

172



−300

−200

−100

0

100

200

300

Blade 1      δ
max

 = 4.1 deg

Flap actuation
Flap deflection

1 2 3 4 5

0

50

100

150

200

Blade 1

Flap actuation
Flap deflection

−300

−200

−100

0

100

200

300

Blade 2      δ
max

 = 8.3 deg

(a)

1 2 3 4 5

0

50

100

150

200

Blade 2

(b)

−300

−200

−100

0

100

200

300

Blade 3      δ
max

 = 6.5 deg

F
la

p 
ac

tu
at

io
n 

(V
ol

t)
: t

im
e 

tr
ac

e

(c)

1 2 3 4 5

0

50

100

150

200

Blade 3

F
la

p 
ac

tu
at

io
n 

(V
ol

t)
: h

ar
m

on
ic

s

(d)

0 1 2 3
−300

−200

−100

0

100

200

300

Blade 4      δ
max

 = 5.5 deg

(e)

(g)   Revolutions

1 2 3 4 5

0

50

100

150

200

Blade 4

(f)

(h)   per rev

Figure 8.24: Target reduction of 1/rev hub vertical force Fz: optimal flap inputs
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ates a signal exceeding the maximum allowable value (±200V olts). Figures 8.25

and 8.26 compare the predicted controller performance using different methods

to apply limits: using scaled inputs, using truncated inputs, and solving the con-

strained minimization problem using the Matlab function FMINCON , based

on the Sequential Quadratic Programming (SQP) method. Figure 8.25 shows

the vibration levels before control, and predicted vibration levels after control.

Predictions are obtained using the linear model identified during the test. Using

this model, vibration reduction improves when using truncated inputs compared

to using scaled inputs, and further improves when solving the problem using the

SQP method. Note that predicted vibration using truncated inputs is very close

to measured values, but does not match exactly with test data. This is because

the actual flap actuation is truncated, and therefore contains harmonics higher

than 5/rev, while the model used for prediction assumes this input consists of

harmonics from 1 to 5/rev. Figure 8.26 compares flap actuation signals obtained

with the three methods. The signals are very similar in phase, but significant

differences in amplitude are apparent. Note that the optimal inputs generated

using Matlab appear close to a truncated signal (signal becomes flat near ±2 V

limits).

8.2.2 Test 2: reduction of pitching moment vibration at

4/rev

Figures 8.27 to 8.29 describe a closed loop test when the control objective

is the reduction of the 4/rev component of the fixed frame pitching moment.

The pitching moment vibration at the rotor hub can be a large contributor to

vibration at the pilot seat station in the fuselage [142].

Figure 8.27 shows the harmonics of hub loads before and after control. After

control, the 4/rev component of the hub pitching moment is reduced by 62%.
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176



Other harmonics of My as well as other hub loads are also affected by the control

inputs. The 4/rev component of the axial vibration is reduced (by about 40%),

however the 4/rev component of the vertical force is increased by a factor of three,

from 1.5 lbs to 4.5 lbs. Figure 8.28 shows the evolution of some identification

parameters during the test as well as the time history of the pitching moment

4/rev component. Optimal control inputs generated are shown in Figure 8.29.

Actuation for flap 2, 3, and 4 have a dominant 4/rev component, with similar

phase.

Figures 8.30 and 8.31 compare the predicted controller performance using

different methods to apply limits. Figure 8.30 shows the vibration levels before

control, and predicted vibration levels after control. Similar to the previous

study for vertical vibration, improvements in 4/rev hub pitching moment vibra-

tion reduction are predicted using the SQP method. The 4/rev component is

reduced by 90% compared to the measured 62%. However, a large increase in

the 4/rev normal force is also predicted. Figure 8.31 compares flap actuation

signals obtained with the three methods. It is interesting to observe that the

optimal inputs generated by the SQP method, which yields the best results, are

very close to phase shifted 4/rev signals, except for blade 1.

8.2.3 Test 3: reduction of pitching moment vibration at

1/rev and 4/rev

Figures 8.32 to 8.35 describe a closed loop test when the control objective

is the simultaneous reduction of the 4/rev and 1/rev components of the fixed

frame pitching moment. Figure 8.32 shows vibration harmonics before and after

control for several hub loads. The 1/rev component is reduced by 38% and

the 4/rev component by 44%. Some reduction is also observed in the 4/rev

component of the axial hub load (29%). However, this is accompanied by an
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Figure 8.28: Target reduction of 4/rev hub pitching moment My: time history

of various parameters
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Figure 8.31: Predicted reduction of 4/rev hub pitching moment My using differ-

ent limiting methods: optimal flap inputs
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increase in vibratory components of the vertical hub load: the 1/rev increases

by 18% and the 4/rev is more than doubled. Figure 8.33 shows the time history

of several identified parameters, prediction error, as well as the time history of

the 1/rev and 4/rev component for the target hub load. Note that just at the

beginning of the control phase, predicted vibration reduction is very good: over

80% for both 1/rev and 4/rev components. However, actual vibration reduction

is only about 20% and 40%, respectively. This is because prediction is based on

filtered harmonic components (1 to 5/rev) of the truncated signal, and not the

truncated signal itself. As illustrated in Figure 8.34, the peak-to-peak amplitude

of the filtered signal can be much larger than that of the truncated signal, hence

the over-prediction of vibration reduction. The resulting decrease in the transfer

matrix norm can be observed in figure 8.33(b) at iteration 170. The norm of

identified TPIT increases during control and correspondingly the 4/rev reduction

improves: at the end of the control phase (after 50 iterations), the 4/rev is

reduced by 55%. The optimal flap inputs generated by the controller are shown

in Figure 8.35. Deflections for flaps 2 and 3 are dominated by a large 4/rev

component at the same phase. Deflections for flap 1 is largely at the 1/rev

frequency, and for flap 4 at the 2/rev frequency.

Figures 8.36 and 8.37 compare the predicted controller performance using

different methods to apply limits. Figure 8.36 shows the vibration levels before

control, and predicted vibration levels after control. Like for the previous two

tests, using the SQP method results in improved vibration reduction: the 4/rev

component is reduced by 97% compared to the measured 44%, and the 1/rev

component is reduced by 71% compared to the measured 38%. Figure 8.37

compares flap actuation signals obtained with the three methods.
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Figure 8.33: Target reduction of 1/rev and 4/rev hub pitching moment My: time

history of various parameters
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8.2.4 Test 4: reduction of pitching moment vibration at

4/rev for θ0 = 6◦

Figures 8.38 and 8.39 show results when the control objective is to reduce

the 4/rev hub pitching moment. For this test, the collective control angle was

increased from 2◦ to 6◦. At this new flight condition, the uncontrolled vibration

levels are increased in all loads, as can be seen in Figure 8.38. In particular, the

4/rev component of the hub pitching moment is increased from about 80 in− lbs
at 2◦ collective to more than 450 in− lbs at 6◦ collective. For the normal force,

the 4/rev harmonic component is increased from about 2lbs to about 10 lbs.

Both 1/rev and 3/rev components are also slightly increased compared to the

lower collective case.

With closed loop control, the hub pitching moment 4/rev component is re-

duced by about 20% at the beginning of the control phase, and about 25% at

the end of the control phase. This is accompanied by changes in other loads,

in particular for the normal force: at the start of the control phase, all three
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optimal flap inputs
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Figure 8.36: Predicted reduction of 1/rev and 4/rev hub pitching moment My

using different limiting methods
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Figure 8.37: Predicted reduction of 1/rev and 4/rev hub pitching moment My

using different limiting methods: optimal flap inputs
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harmonics are reduced: the 1/rev is reduced by about 10%, the 3/rev by about

30%, and the 4/rev by about 40%. However, the normal force is not included in

the objective function. As control inputs are updated and vibration reduction

increases for the hub pitching moment, both the 1/rev and 3/rev components

for the normal force go back to their baseline value. The 4/rev components of

other hub loads are also slightly reduced.

In Figure 8.38, measured values are shown together with values predicted

using the identified parameters. The predicted values are shown as black dots.

From the time history of the 4/rev pitching moment, it can be seen that at

iteration 70, the controller is turned on, and the vibration level suddenly drops.

However, the predicted vibration level is much smaller than the measured one.

This is because of the truncation method used to limit control inputs to ±200

Volts. The actual input to the flap is truncated, therefore contains harmonics

higher than 5/rev, however identification is performed considering only the first

5 harmonics.

Figure 8.39 compares the control inputs applied to the four flaps at the start

and at the end of the control phase. Significant differences exist between the

two signals. In particular, the 3/rev component is more than doubled for flaps

2 and 4 during the control phase.

Figures 8.40 and 8.41 compare the predicted controller performance using

different methods to apply limits. For this test case, results are comparable using

any of the three methods. Slightly improved vibration reduction is predicted

using the SQP method (32% reduction in the 4/rev component). Table 8.2.4

summarizes the results from the previous four tests.
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Figure 8.43: Time history of steady hub loads for test 4
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Control

objective
θ0

Measured

vibration

reduction

Predicted vibration reduction

scaled

inputs

truncated

inputs

optimized

inputs

Fz, 1/rev 2◦ 50% 31% 40% 42%

My, 4/rev 2◦ 62% 67% 77% 90%

My, 1 and 4/rev 2◦ 43% 61% 71% 90%

My, 4/rev 6◦ 21% 25% 29% 32%

Table 8.1: Test results summary

8.2.5 Effect of flap deflections on steady hub loads

The command input signal to the trailing edge flaps contains harmonics from

5/rev to 1/rev. Low frequency excitation such as 1/rev could affect the steady

components of hub loads and perturb the equilibrium of helicopter forces and

moments. In the controller simulation using a mathematical model of the heli-

copter, this potential problem is avoided by including the steady components in

the objective function (Chapter 3):

JF = Y TWFY

Y = F − (F0)mean (8.1)

where F is the vector of the fixed system hub loads and (F0)mean is the vector

of steady components for all hub loads. Therefore, when Y is minimized, the

vibratory part of each hub loads is minimized while the trim conditions are still

satisfied.

However, in the present experimental investigation, steady components of

fixed frame loads are not included, because of concerns over drifting in the steady

output of the fixed frame balance. The objective function consists only of the
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vibratory part of vibration:

JF = Y TWFY

Y = [F1c F1s · · ·F5s F5s] (8.2)

The variation of the steady components of four of the fixed frame loads is shown

in Figures 8.42 and 8.43 for the entire closed loop test duration. Figure 8.42

corresponds to the first test described in this section (objective is to reduce the

1/rev of the normal force). The total duration of this test is about 70 seconds:

the initial identification period lasts about 50 seconds, after which control is

turned on for about 10 seconds. Before the identification period and after the

control period, no inputs are applied to the flaps (“baseline periods”). Variations

can be observed about the steady component of each load, in particular for the

hub pitching moment. However, these variations also occur in the baseline phases

when the flaps are inactive. Figure 8.43 corresponds to the last test described in

this section (objective is to reduce the 4/rev of the hub pitching moment). For

this test, the collective blade pitch angle is 6◦, compared to 2◦ for the previous

test. The identification period lasts about 20 seconds, after which control is on

for about 15 seconds. Large and sudden changes in the steady component of

the hub pitching moment can be observed, that occur for all phases of the test,

including baseline. These changes do not correlate with any flap deflection but

may originate from malfunction of the signal conditioners. Steady components

for other fixed frame loads do not show significant variations.

8.2.6 Effect of flap deflections on rotating frame loads

In the present experimental investigation, only fixed frame vibrations were

targeted. However, minimization of vibratory fixed frame loads may result in

increase in blade loads. Figures 8.44 and 8.45 show the time history of the root
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bending moment for each blade, during two of the closed loop tests. Figure 8.44

corresponds to the first test described in this section (objective is to reduce

the 1/rev of the normal force). Blade root bending moments for this flight

condition consist mainly of 1/rev and 3/rev components. After closed loop

control begins, the 1/rev component of the root bending moment decreases for

blade 1 and 2, while for blades 3 and 4, it increases slightly. On the contrary,

the 3/rev component increases for blade 1 and 2, while it decreases for blade

4, and no change can be seen for blade 3. Note that the baseline 1/rev blade

root bending moments for blade 3 and 4 are much smaller than for blade 1 and

2. This is because the rotor was trimmed by minimizing these signals before

the test was started. Figure 8.45 corresponds to the last test described in this

section (objective is to reduce the 4/rev harmonic of hub pitching moment, with

collective blade pitch angle increased to 6◦). The main harmonic components at

this flight condition are also 1/rev and 3/rev. Again, 1/rev components are very

small for blades 3 and 4, used for trim. After control, the 3/rev components

for blade 3 and 4 are slightly reduced, and the 4/rev and 5/rev components for

blade 3 are increased. Changes in root bending moment for other blades are

very small.

8.3 Chapter Summary

The controller’s ability to minimize fixed frame vibratory loads at both 4/rev

and 1/rev frequencies is investigated, both on the hover stand and in forward

flight. A Mach-scaled rotor with piezo-bender trailing edge flaps is used for this

investigation, with all four flaps active simultaneously.

In hover, vibratory hub loads consist mainly of a 1/rev harmonic component.

The controller is able to minimize the 1/rev component of the normal force by

over 90% using small amplitude flap deflections (about ±2◦). In hover, the 4/rev
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part of vibration is negligible. In order to investigate the controller’s ability to

affect both the 1/rev and 4/rev parts of fixed frame vibration simultaneously,

the control objective is set to reduce the 1/rev part and simultaneously generate

a 4/rev of given amplitude and phase. The controller is able to reduce the

1/rev component by 83%, and generate a 4/rev component with the correct

phase. However, the 4/rev amplitude is only about 40% of the target value,

because of the actuators’ saturation. When the minimization of the 1/rev is

removed from the control objective, a 4/rev vibratory component is generated

with correct phase and amplitude at 70% of the target value. These results

are then contrasted with results obtained using phase-shifted inputs. Phase

shifted inputs cannot reduce efficiently the 1/rev component. However, when

the control objective is the generation of a 4/rev component, using phase shifted

inputs yields better results (both amplitude and phase of the generated signal

are equal to the target values). This is explained by the scaling method used

to limit the actuation voltage. When the constrained minimization problem is

solved off-line, and the output applied to the rotor blades, it is possible to meet

the control objective perfectly using individual flap inputs.

After preliminary hover tests, the smart rotor is used to investigate the con-

troller’s ability to minimize vibratory hub loads in forward flight. Closed loop

tests were conducted in the Glenn L. Martin wind tunnel, at a rotor speed of

1500 RPM, and advance ratio 0.25. The key conclusions are as follows:

1. With collective blade angle of 2◦, the hub normal force consists of large

1/rev and 3/rev components and smaller 4/rev component. The 1/rev

component is reduced by about 50%. However, this is accompanied by an

increase in the 1/rev component of other loads.

2. The hub pitching moment vibration consists mainly of a large 4/rev compo-

nent, and a small 1/rev component. The 4/rev component can be reduced
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by over 60%. This is accompanied by a reduction in the 4/rev hub rolling

moment and axial force, however, the 4/rev normal force is increased.

3. With a larger collective angle (6◦), the hub pitching moment consists of a

large 4/rev component. This component is reduced by 25%. The normal

force consists of 1/rev, 3/rev and 4/rev components of comparable mag-

nitude. These components can be reduced simultaneously, by 10%, 30%,

and 40%, respectively, without any adverse effects on other loads.

4. Solving the minimization problem with non-linear constraints yields much

improved results. However, this procedure is very time consuming and

cannot be implemented in real-time during the wind tunnel testing with

the computer available.

5. The effect of flap deflections on the steady components of hub loads is

very small. There is a small effect on the blade root bending moment.

This effect is different for each blade, with vibration increasing at some

harmonics and decreasing at other harmonics.
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Chapter 9

Closure

9.1 Summary

This dissertation presents an investigation of a control method to reduce

vibrations in helicopters using actuators on the rotor blades. The novelty of

the method is that each blade is controlled independently, taking into account

possible blade dissimilarities. This is different from previous control approaches

that assumed blades were identical and generated single control input which is

applied with adequate phase shift to each blade.

9.1.1 Control Method

The mathematical problem of the controller is presented in detail in Chapter

3. The controller is developed in discrete time, with the control inputs updated

every rotor revolution. The method consists of performing simultaneous system

identification (using Kalman filtering technique) and closed loop control (using

a deterministic control law) at each time step.

For the system identification, different inputs are applied to each blade, and

a Kalman filtering method is used to estimate on-line the relationship between
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the individual blade inputs and the resulting loads in the fixed frame. This

relationship is assumed to be linear time periodic.

For the control part, optimal inputs are computed based on the minimization

of a quadratic cost function, including the vibratory loads to be minimized. The

weighted norm of the control inputs is also included in the cost function to

maintain the actuation command within practical limits.

Helicopter parameters (actuation command, measured vibration, and the

transfer function which relates them) can be expressed either as time samples

over one rotor revolution, or as a number of harmonic components. The first

approach is chosen for analytical investigations, while the second one is used for

the experiments.

9.1.2 Controller simulation using analysis

In order to establish the feasibility of the method, the controller is first inves-

tigated using a simplified rotor model with only the blade flap degree of freedom

modeled (Chapter 4). Rotor dissimilarities are modeled by changes in mass,

stiffness, and aerodynamic properties of the damaged blade. The effects of the

measurement noise and varying flight condition are investigated.

A comprehensive rotor analysis, including all blade degrees of freedom and a

free wake model for computing the inflow across the rotor disk, is then used to

investigate the controller performance in detail (Chapter 5). The rotor model is

based on a modern bearingless rotor that includes detailed modeling of trailing

edge flap effects. The controller performance is tested at advance ratios from

µ = 0.10 to µ = 0.40, both for the baseline rotor with identical blades and the

damaged rotor with dissimilar blades. The rotor faults are modeled as changes

in inertial and aerodynamic properties for the damaged blades. The performance

of the present control method is compared to that of a classical control method
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which uses identical inputs for all trailing edge flaps.

9.1.3 Experimental validation of the controller

In order to test the controller experimentally, a Mach-scale rotor model is

fabricated (Chapter 6). The rotor model consists of 4 blades with piezo-ceramic

actuated trailing edge flaps. Two trailing edge flap leverage mechanisms are

designed. Compared to a hinge based mechanism, a flexure based mechanism

shows increased flap deflection at the nominal rotor speed. A set of four Mach

scaled smart blades incorporating the flexure-hinged trailing-edge flaps are then

fabricated. Tests are conducted in the vacuum chamber and at the hover stand

to characterize flap deflections under centrifugal and aerodynamic loading. The

control algorithm is adapted for real-time use and tested initially using a simple

experimental set-up.

The smart rotor model is then fitted on a bearingless model-scale hub and

tested both on a hover stand and in a closed section wind tunnel. First, closed

loop tests are conducted in hover and forward flight to minimize the vibratory

blade root flap bending moment (Chapter 7). For these tests, up to three blades

were active simultaneously. The controller performance is also investigated in a

transient flight condition during which the rotor speed is increased.

Next, the controller’s ability to minimize fixed frame vibratory loads in pres-

ence of blade dissimilarities is investigated, both in hover and forward flight

conditions (Chapter 8). For these tests, all blades are activated simultaneously.

In hover condition, vibratory hub loads consist mainly of a 1/rev harmonic

component while the 4/rev part of vibration is insignificant. In order to investi-

gate the controller’s ability to effect both the 1/rev and 4/rev parts of fixed frame

vibration simultaneously, the control objective is set to reduce the 1/rev part

and simultaneously generate a 4/rev of given amplitude and phase. Closed-loop
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tests are conducted using the present control method which uses independent

flap inputs, as well as a classical control that uses phase-shifted flap inputs. The

performance of both methods is compared. It is observed that performance can

be limited by actuator saturation. Different methods to account for actuator

saturation are described.

After preliminary hover tests, the smart rotor is used to investigate the con-

troller’s ability to minimize vibratory hub loads in forward flight. Closed loop

tests are conducted in the Glenn L. Martin wind tunnel, at a rotor speed of 1500

RPM, and an advance ratio of 0.25. The effect of closed loop control on all the

vibratory hub loads is discussed, and its effect on the steady values of hub loads

and the rotating frame blade loads is examined.

9.2 Conclusions

1. Following are the conclusions obtained from the feasibility study conducted

using the rotor comprehensive analysis.

(a) In the case of the dissimilar rotor, comprehensive analysis predicted

that allowing independent control inputs for each blade dramatically

would improve the vibration reduction compared to restricting the

control inputs to be specific phase shifted versions of each other.

(b) At µ = 0.30, the vibration index reduction increased from less than

45% to more than 90% using about 2.5◦ half peak-to-peak flap deflec-

tions (compared to the phase shifted approach) for both the structural

and aerodynamic faults.

2. From the fabrication efforts, it was observed that for the model-scale rotor,

flexures can be used advantageously instead of rod-in-tube type hinges to
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provide the flap articulation. Using flexures leads to less friction and free

play in the mechanism, as well as a cleaner blade profile. Using a flexure

articulation, flap deflection of ±4◦ were achieved at 1800 RPM.

3. Following are the conclusions noted from the closed-loop tests conducted

to reduce rotating frame loads.

(a) The controller could successfully reduce rotating frame loads in dif-

ferent blades simultaneously. In hover, at 500 RPM, the 1/rev root

bending moment was reduced by 77% with three simultaneously ac-

tive blades.

(b) In forward flight, several harmonic components could be reduced si-

multaneously: At 1200 RPM, and wind speed of 27 MPH (µ = 0.13),

vibration in the rotating frame was primarily 1 and 3/rev. The 1/rev

component could be reduced by 66% and the 3/rev component by

34% simultaneously.

(c) The controller performance was also investigated in a transient flight

condition (increase of rotor speed), while the adaptive controller feed-

back system was on. It was demonstrated that vibration levels were

maintained below uncontrolled levels at all times during the transient

test.

4. Following are the conclusions noted from the closed-loop tests conducted

both in hover and forward flight conditions that targeted minimization of

fixed frame vibratory loads.

(a) In hover, at 1500 RPM, the controller was able to minimize the 1/rev

component of the normal force by over 90% using small amplitude flap

deflections (about ±2◦). In order to demonstrate ability of controller
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to effect vibration at 4/rev and 1/rev simultaneously, the generation of

a 4/rev component of prescribed amplitude and phase was included in

the control objective. The controller was then able to reduce the 1/rev

component by 83%, and generate a 4/rev component with the correct

phase. However, the 4/rev amplitude was only about 40% the target

value, as a result of actuator saturation. When the minimization of

the 1/rev was removed from the control objective, a 4/rev vibratory

component was generated with correct phase and amplitude at 70%

of the target value. These results were then contrasted with results

obtained using phase-shifted inputs. Phase shifted inputs could not

reduce efficiently the 1/rev component. However, when the control

objective is the generation of a 4/rev component alone, using phase

shifted inputs yields better results (both amplitude and phase of the

generated signal were equal to the target values). This is explained

by the scaling method used to limit the actuation voltage. When the

constrained minimization problem is solved off-line, and the output

applied to the rotor blades, it is possible to meet the control objective

perfectly using independent flap inputs.

(b) Tests were conducted in the Glenn L. Martin wind tunnel, at a rotor

speed of 1500 RPM, and advance ratio 0.25, to reduce vibration in

the fixed frame.

1. With collective blade angle of 2◦, the hub normal force consists

largely of 1/rev and 3/rev components and a smaller 4/rev com-

ponent. The 1/rev component was reduced by about 50%. How-

ever, this was accompanied by an increase in the 1/rev component

of other loads.

2. The hub pitching moment vibration consisted mainly of a large
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4/rev component, and a small 1/rev component. The 4/rev com-

ponent could be reduced by over 60%. This was accompanied

by a reduction in the 4/rev of the hub rolling moment and axial

force, however, the 4/rev of the normal force was increased.

3. At a larger collective angle (6◦), the hub pitching moment con-

sisted of a large 4/rev component. This component was reduced

by 25%. The normal force consisted of 1/rev, 3/rev and 4/rev

components of comparable magnitude. These components could

be reduced simultaneously by 10%, 30%, and 40%, respectively,

without any adverse effects on other loads.

4. Solving the minimization problem with non-linear constraints

yielded much improved results. However, this procedure is very

time consuming and could not be implemented in real-time with

the available computer.

9.3 Recommendations for Future Work

1. Reduce the computation time by using a faster platform, such as a dSPACE

system to run the controller.

2. Refine the method to account for actuator saturation. Ideally, this method

should generate optimal blade inputs identical to the solution obtained by

solving the optimization problem with non-linear constraints, for example

using the Sequential Quadratic Programming method. The method should

also be fast enough to be implemented in real-time.

3. Eliminate actuator-flap free play by using flexures to transfer actuator

stroke to the flaps, in addition to providing the flap articulation. Also the

flexure design can be improved to increase its fatigue life.
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4. Optimize actuator design to achieve more force for a given stroke. There

is a need to refine analysis of piezo-bender actuators to achieve accurate

behavior prediction without using empirical factors.

5. Use the input/output data collected in the present hover and forward flight

tests to investigate the performance of different types of controllers (for

e.g. using neural network based controllers) both to identify the system

and compute control inputs.

6. Validate the data collected in the present hover and forward flights with

rotor comprehensive predictions.

7. Devise actuators with greater authority and extend the control objectives

to noise reduction, simultaneous reduction of rotating and fixed frame loads

and rotor performance enhancement.
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