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Abstract

Among the various approaches to mitigate vibration, On-Blade Control (OBC) embeds actuation mechanisms
on the blade in order to modify the vibratory loads at the source and achieve improved vibration reduction than
conventional Higher Harmonic Control. Recent OBC studies have applied constrained optimisation methods
to the design of vibration control algorithms to compensate against the effects of limited actuation and hence
avoid significant performance degradation. These recent studies do not consider however constraints on the
driving signals of the actuators. Such limitations can also have a significant and negative impact in the overall
performance. For this, anti-windup control strategies are implemented to compensate against such actuator
limitations. This work combines for the first time both actuator constraint handling methods for OBC applications
and tested on a simplified model of a five-blade rotor with Active Trailing Edge Flaps. Performance results exhibit
an improvement of almost a factor of 2 with respect to not using any constraint handling method.

1 INTRODUCTION

Current helicopter research and technology develop-
ment efforts are devoted to mitigate the detrimental
effects of primary vibrations originated on the main
rotor since they contribute towards weak airworthi-
ness, mechanical wearing and decreased flight com-
fort. Among the various approaches to mitigate vibra-
tions on the main rotor, On-Blade Control (OBC) em-
beds actuation mechanisms on the blade in order to
modify the vibratory loads at the source and hence at-
tenuate their propagations across the helicopter fuse-
lage. OBC devices offer the benefits of lower power
consumption, increased bandwidth of operation, con-
ceptual simplicity and lower weight penalty in com-
parison to pitch link actuated individual blade control
devices [22, 3, 23]. In addition, OBC devices do not
interfere with primary swashplate control commands
in comparison to conventional Higher Harmonic Con-
trol (HHC) [11], hence having a reduced interference
on the flight control system. Active trailing edge flaps
(ATEFs) represents the most mature OBC device but
it has not made it yet into the production stage de-
spite successful flight tests [21] and wind tunnel cam-
paigns [25]. Actively controlled flaps are embedded
partially along the blade span as shown in Figure 1
and they can be found typically in single or dual con-

Figure 1: General schematic of an active trailing edge
flap (ATEF) providing a deflection angle θ.

figurations for increased control authority [1]. ATEFs
can also be used in active rotor applications for the
purpose of improving over additional fronts, such as
noise [9], rotor performance [22] and dynamic stall
characteristics [10].

The general structure of OBC systems with ATEFs
can be divided into two layers as shown in Figure 2.
The outer loop, referred to as the vibration control sys-
tem, processes shear and moment information in all
three cartesian directions measured at the hub to pro-
duce a desired flapping signal u(t) that needs to be
conveyed in order to reduce vibrations. Such a ref-
erence flap signal is passed to an inner-loop control
system (or actuator control system) and its objective



is to make the actual flap θ(t) as close as possible to
the desired one u(t) in the presence of centrifugal and
Coriolis forces, wake interactions, actuator limitations,
changes in RPM and actuator behaviour. Although re-
cent research devotes most efforts to the design and
stability analysis of the vibration control system [20],
it is worth noting that the inner-loop actuator control
system plays a crucial role in the success of the over-
all vibration reduction scheme.

Figure 2: Overall control structure for vibration control
using ATE actuators.

Vibrations at the rotor hub can be attributed to the
complex wake structure, unsteady flow field and stall
effects. A rotor with identical blades under identi-
cal loading and undergoing identical motion has hub
forces and moments characterised by multiples of
N /rev (N being the number of rotor blades), with 1/rev
and N /rev harmonics being the more dominant at the
non-rotating centre. There are other sources of vibra-
tions such as engine transmission and aerodynamic
forces on the fuselage [12] but it is the rotor influence,
in particular the N /rev component, which is the main
target of OBC vibration systems with ATEFs. The vi-
bration controller is constructed from the assumption
of a static linear relation between the Fourier coef-
ficients of the most dominant harmonic and chosen
harmonics of the actuation valid in steady forward-
flight conditions. The modelling assumption extends
to the existence of a baseline vibration, which is a
non-zero vibration in the presence of zero actuation.
Such a control strategy is derived from conventional
HHC ideas [11] and they can be categorised as Adap-
tive Control [2], since the controller gains are updated
from regular estimations of the open-loop process.
Typically, the control law is constructed from the so-
lution of an unconstrained optimisation problem [5],
whereby a quadratic performance function, which en-
capsulates a weighted combination between vibration
energy and control efforts, is minimised.

ATEF actuators can only deliver a limited range
of deflection angles. Such actuator limitations are
treated in a control theory framework as output con-
straints. If required, a pragmatic approach to deal
with such constraints at the vibration control system
level is to scale or truncate (clip) the control actions
obtained from the solution of the unconstrained opti-
misation problem. Thus the requested reference flap

signal is tolerated by the ATEF actuator control sys-
tem. Another approach is to manipulate the weights
in the performance function until the constraints are
satisfied. Scaling and truncation can degrade signif-
icantly the achievable performance and such disad-
vantages have already been exposed by Friedmann
and Padthe [9] for active rotor applications. In gen-
eral, truncation changes the direction of the con-
trol actions leading potentially to very poor perfor-
mance and therefore it should be avoided among all
practices. Weight manipulation has the problem that
the process of choosing a priori the input weight to
meet the flapping constraints is not transparent and
can be tedious. Iterative weight manipulation can
be computationally expensive making it difficult for
real implementations [9] and yet it does not guaran-
tee that flap constraints are satisfied. In addition,
overweighting control efforts can lead to very con-
servative performance. To overcome the issues ex-
posed by scaling, truncation and overweighting, con-
strained optimisation techniques have been explored
and shown to be a successful alternative [9]. Morales
et al. [19] pay particular attention to Quadratic Pro-
gramming (QP) [5] and shows its benefits over the
the afore-mentioned techniques. Equivalent transla-
tions between time-domain flapping constraints and
Fourier coefficients (frequency-domain) are not al-
ways possible in a QP framework and refined approx-
imations might still be required in some scenarios.
Such approximations should be taken into consider-
ation carefully to avoid significant loss of optimal per-
formance [15].

As mentioned earlier, the success of the over-
all control strategy relies also on the performance
achieved by the actuator control system. ATEF actua-
tors are constructed typically from piezoelectric mate-
rials. They exhibit lightly-damped second-order char-
acteristics and their frequency behaviour has been
shown to be sensitive to changes in RPM condi-
tions [6, 14], with damping ratios and natural fre-
quency values increasing with rotor speed. Feed-
back is therefore desired to reduce such a sensitiv-
ity. Large variations in the operating conditions, run-
ning under significant aerodynamic disturbances and
operation at high frequencies can push the opera-
tion of the ATEF controller into saturation even with
reference flap signals that fit within actuator capa-
bilities [17]. For instance, the larger aerodynamics
loads to be rejected by the actuator control loop, the
larger actuator command signals are required to suc-
cessfully reject such disturbances. Likewise, a large
closed-loop bandwidth requires higher actuator driv-
ing efforts because the open-loop gain is typically
lower at high frequencies [24]. Due to physical limita-
tions of minimum and maximum (min-max) command
efforts, the overall tracking performance can degrade
significantly and in more extreme cases, the system



can become unstable [27, 16]. Actuator driving re-
strictions are treated in a control theory framework as
input constraints. Actuator control systems with such
saturation properties are more challenging to design
due to the nonlinear nature of this behaviour [13].
To ameliorate the detrimental effects of input satura-
tions at the actuator controller level, anti-windup con-
trol strategies [26, 29] have been implemented and
proven successful by Morales and Turner [18] in pre-
liminary applications of OBC.

Although control designs have been developed for
each of the afore-mentioned limitations (flap and ac-
tuator driving constraints), they have not been imple-
mented together. This is the main motivation of this
work - to assess the benefits of implementing both
constrained control techniques over implementing just
one or none of them or in comparison to using more
pragmatic approaches. The control ideas are imple-
mented on a linearised model of a five-blade active
rotor with dual flap configuration for the purpose of
vibration reduction. The performance, which is ex-
pressed in terms of the average vibration reduction of
the N /rev harmonic component, is shown to be im-
proved by a factor of almost 2 with respect to the use
of no constraint handling method.

The paper is structured as follows: both con-
strained control design strategies are introduced in
the next two sections. The control strategies are ap-
plied to the simulation case study in Section 4. The
paper concludes with some final remarks.

2 Constrained OBC via QP

By and large OBC laws are developed from Higher
Harmonic Control ideas. For vibration reduction pur-
poses, HHC is constructed from the assumption that
the relation between selected Fourier (sine and co-
sine) coefficients of the actuator signal and output
forces and moments [11] is linear. Such represen-
tation aims to capture up to some extent the quasi-
steady rotor response in cruise flight conditions. De-
fine a vector yk as the output containing the harmon-
ics of the loads and vibrations at the time instant in-
dicated via the index k, with t = k∆t and ∆t repre-
senting the time gap between each implementation of
the control actions. Likewise, define the input vector
uk containing the harmonics of a control input signal.
The above assumption in the modelling of the rotor
system is encapsulated in the following mathematical
expression:

(1) yk = Tuk + d

where d represents the harmonics of the baseline vi-
bration, which is equivalent to yk when the control in-
puts are zero (uk = 0). Commonly, the matrix T is

referred to as the interaction matrix or sensitivity ma-
trix [20]. The above model is referred by Johnson [11]
as the global model of helicopter response and can
be rewritten as

(2) yk = y0 + T (uk − u0)

u0 represents the initial control input.
Control algorithms are based on the minimisation of

a performance function Jk at the time index k, which is
expressed in a quadratic form for mathematical con-
venience, and whereby a trade-off between vibration
reduction and actuator efforts is specified:

(3) u†k = arg min
uk

yTk Qyk + uTkRuk︸ ︷︷ ︸
Jk

Typically for vibration reduction, yk contains the sine
and cosine components of the N /rev hub loads and
moments. The weight Q = QT > 0 is used to tar-
get specific vibration reduction among some of the vi-
bration channels. Likewise, the weight R = RT > 0
is used to specify actuator authority in the frequency
domain. For instance, more weight can be associated
to lower harmonics as the actuator control system is
expected to perform better at such frequencies than
at higher ones [18]. Often, both weights are diago-
nal and may be scaled differently if sensor measure-
ments are provided in different units. A good starting
point when designing the controller is to chose the
same weight for all channels, which corresponds to
Q = R = I, given that all vibration measurements as
well as control signals are provided in the same units
and actuators have enough bandwidth.

In the case where the optimisation problem is con-
sidered without actuator constraints, an analytic solu-
tion can be found by making

(4)
∂Jk
∂uk

= 0

Solving for uk provides the following analytical expres-
sion for the optimal control input

(5) u†k = −(TTQT +R)−1(TTQ) (y0 − Tu0)︸ ︷︷ ︸
d

This is the classical expression for the HHC algorithm.
There are many variants of the above algorithm, in-
cluding adaptive forms. For more information refer
to [2, 20] and [7].

The implementation of unconstrained control laws
can lead to actuation signals which exceed actua-
tor limits [9]. In order to better handle actuator con-
straints, it is recommended to instead use optimi-
sation algorithms, which minimise the performance
function given a feasible set of control input values.
If the objective function is (convex) quadratic and the
constraint functions are linear inequalities, the control



algorithm can be implemented as a Quadratic Pro-
gramming [5]:

u†† = arg min
uk

yTk Qyk + uTkRuk︸ ︷︷ ︸
Jk

s.t. Huk ≤ f(6)

The above constrained optimisation problem can be
equivalently written only in terms of the optimisation
variable uk for OBC systems with the use of (1) as:

u†† = arg min
uk

1

2
uTk (TTQT +R)uk + uTk T

TQd

s.t. Huk ≤ f(7)

Note that the symbol ≤ indicate element-wise in-
equality. If the number of inequalities required to ex-
press the actuator constraints is p, then H and f have
dimensions p×2m and p×1, respectively. m is associ-
ated with the number of chosen harmonics to perform
the control. A region of actuator signals is specified
via the polyhedron Huk ≤ f , which will be shown to
be sufficient for active rotor applications.

2.1 Description of the constraint set

Flap constraints in the actuating device are expressed
in the time domain as

(8) |ui(t)| < ū,∀i,∀t

for a given ū > 0. The signal ui(t) is periodic and with
selected harmonics to be manipulated

(9) ui(t) =

n̄∑
n=n

ui,c,n cos(nΩt) +ui,s,n sin(nΩt),∀i,∀t

The index triad {i, {c, s}, n} is used to easily map the
harmonic coefficients. The first index i = {1, ..., ī} has
been included to account for the fact that there can be
more than one actuator on each blade. It is common
to find two ATEFs with one actuator mounted in the
inboard and the other on the outboard section of the
blade to increase control power. The second index
set {c, s} are include to indicate the cosine and sine
coefficients. The index n = {n, n + 1, ..., n̄} denotes
the frequency multiples at which the actuator oper-
ates. The number of harmonics selected for control
are indicated by m = n̄ − n + 1, with 0 < n ≤ n̄. Ω
indicates the rotor speed in rad/s.

Translations of the time-domain constraint can be
expressed in an equivalent form in terms of the
Fourier coefficients as shown in [15]:

(10)
n̄∑

n=n

√
u2
i,c,n + u2

i,s,n ≤ ū,∀i

It is clear that the above set representation is nonlin-
ear. It is then required to approximate the constraint

set via linear inequalities so they can be incorporated
in a QP framework. Typical implementations of con-
strained OBC via QP uses so-called box or infinity-
norm constraints [9, 8]:

(11) |ui,c,n|, |ui,s,n| ≤ β,∀i,∀n

In order to ensure that the original flap constraints are
satisfied, we require that

(12) β =
ū

m
√

2

It is clear then that box constraints can lead to conser-
vative performance, especially when the dimension m
is large [15].

In this work we will implement the QP using instead
1-norm constraint set representations as follows

(13)
n̄∑

n=n

|ui,c,n|+ |ui,s,n| ≤ ū,∀i

The above approximation of the constraint set leads
to less conservative results, as it will be shown later
in the Simulation section. For more information about
constraints descriptions for constrained OBC, refer
to [15].

3 Anti-windup actuator control
design

Actuator control systems consist typically of a stan-
dard feeback control structure in order to offer satis-
factory tracking and disturbance rejection in the face
of a changing operating environment. ATEFs are usu-
ally required to operate for a relatively small range
of flap deflections, facing unpredictable and possibly
significant air perturbations. Such exogenous effects
can drive the operation of the actuator away from a
desired operating condition and large command sig-
nals, which are beyond the acceptable limits of the
actuator, could be induced. It is therefore adopted as
a standard practice to saturate or limit the command
signals within a certain interval to protect the actu-
ating device. The introduction of such a limitation in
the actuator closed loop can cause degradations such
as sluggishness, highly oscillatory responses and in
some more critical scenarios, instability (referred here
as divergence of any of the signals in the control loop)
when operating in high demanding conditions. The in-
troduction of the limitation in the command signals is
also known to have a negative impact on the robust-
ness of the closed loop [16]. With some abuse in the
terminology, the term windup is used to refer to the
degradation in performance of the feedback control
loop experienced in such operating conditions.
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Figure 3: Anti-windup structure.

A common approach to deal with command signal
saturation, is to augment the standard control sys-
tem to preserve and emulate, whenever possible, the
behaviour as if there were no constraints. Such at-
tributes are known as small signal preservation and
unconstrained response recovery and are at the core
of the anti-windup philosophy [29]. Needless to say,
a necessary condition for a successful anti-windup
strategy based on this principle is that the perfor-
mance achieved by the closed-loop in the absence
of constraints is satisfactory. In addition, anti-windup
elements are restricted to become active only when
the system is sensed to be saturated.

For this particular study, the anti-windup design pro-
posed by Turner et al. [27] has been considered due
to its facility in the design and possibility to specify
a desired trade-off between robustness and perfor-
mance for saturated behaviour. This anti-windup ar-
chitecture has its origins from the anti-windup scheme
proposed by Weston and Postlethwaite [28]. The anti-
windup scheme is depicted in Figure 3. In our case,
the delivered deflections θ are assumed to be in the
form θ = G(s)c + dθ, with dθ representing air dis-
turbances, G(s) the transfer function that models the
open-loop behaviour of the actuating mechanism and
c is the saturated command signal. K(s) is the con-
troller transfer function and it is assumed to be de-
signed using linear control design techniques [24].

The anti-windup design is concerned with the
choice of the LTI element M(s), which in turn deter-
mines the form of the anti-windup compensator which
is represented by the transfer function matrix

(15) Θ(s) =

[
M(s)− I
G(s)M(s)

]

with I representing the identity matrix. In the ap-
proach of [27], M(s) is chosen as part of a coprime
factorisation of the feedback portion of the actuator,
G(s) = N(s)M−1(s) which enables the choice of
M(s) to be cast as a state-feedback design problem.
The main idea behind the design of this anti-windup
structure is to chooseM(s) so a performance function
is optimised. The performance function consists of a
weighted combination of two maps: one representing
the effects of plant uncertainty (robustness) and the
other the effects of saturation (performance).

The technical details of the anti-windup design are
beyond the scope of this paper, but in essence the
design of M(s), and therefore the anti-windup com-
pensator, can be achieved by solving a Linear Matrix
Inequality optimisation problem [4]. More specifically,
given a state a state-space realisation of the nominal
behaviour of the actuator

G(s) = C(sI −A)−1B +D

∼
[
A B
C D

]
then an anti-windup compensator which provides
global asymptotic stability and, in some sense
achieves “good” saturated performance can be de-
signed from the solution of the LMI (14). In this LMI,
the value of γaw represents in some sense the norm of
the combined maps mentioned above and hence the
lower its value the better the achieved performance of
the anti-windup scheme in terms of unconstrained re-
sponse recovery. The LMI problem in (14) is solved
in terms of the variables Qaw > 0, U > 0 and with
diagonal structure, L and γaw > 0, where

(16) F := LQ−1
aw

The anti-windup element Θ(s) is finally obtained as

(17) Θ(s) ∼

 A+BF B
F 0

C +DF D



4 SIMULATION EXAMPLE

4.1 The Rotor Model

In order to illustrate the ideas discussed in this re-
port, simulations have been performed on a linearised
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Figure 4: Schematic of the open-loop system.

model of a rotor augmented with ATEF actuators for
vibration reduction purposes. The rotor has N = 5
blades and two active trailing edge actuators mounted
on each blade: inboard (i = 1) and outboard (i = 2).
The rotor behaviour at a given cruise flight condition
can be captured by a Linear-Time-Invariant transfer
function matrix Gv(s) predicting the effects of N/rev
fixed-frame inputs on the N/rev harmonic of the hub
loads. The steady-state behaviour at a given rotor
speed Ω can be obtained then by the complex matrix
Gv(jNΩ), provided of course that Gv(s) is stable.

We have chosen to perform OBC with 3, 4, 5, 6
and 7/rev harmonics in order to target the 5/rev com-
ponent of the vibratory hub loads [12]. In order to
produce flapping signals at such frequencies, 5/rev
fixed-frame control inputs

û(t) =


û1,c

û2,c

...
û10,c

 cos(5Ωt) +


û1,s

û2,s

...
û10,s

 sin(5Ωt)

are modulated with 0, 1 and 2 /rev harmonics as fol-
lows

u1(t) = (û1,c cos(5Ωt) + û1,s sin(5Ωt)) +

(û3,c cos(5Ωt) + û3,s sin(5Ωt)) cos(Ωt) +

(û5,c cos(5Ωt) + û5,s sin(5Ωt)) sin(Ωt) +

(û7,c cos(5Ωt) + û7,s sin(5Ωt)) cos(2Ωt) +

(û9,c cos(5Ωt) + û9,s sin(5Ωt)) sin(2Ωt)(18)

u2(t) = (û2,c cos(5Ωt) + û2,s sin(5Ωt)) +

(û4,c cos(5Ωt) + û4,s sin(5Ωt)) cos(Ωt) +

(û6,c cos(5Ωt) + û6,s sin(5Ωt)) sin(Ωt) +

(û8,c cos(5Ωt) + û8,s sin(5Ωt)) cos(2Ωt) +

(û10,c cos(5Ωt) + û10,s sin(5Ωt)) sin(2Ωt)(19)

See Figure 4. The above expressions can be simpli-
fied by the use of trigonometric identities to express

the flaps as the sum of harmonics 3-7

u1(t) =

7∑
n=3

(u1,c,n cos(nΩt) + u1,s,n sin(nΩt))

u2(t) =

7∑
n=3

(u2,c,n cos(nΩt) + u2,s,n sin(nΩt))

A one-to-one linear map from the Fourier coeffi-
cients in the fixed frame to those coefficients of the
flap signals in the rotating frame can be obtained af-
ter solving (18) and (19). For instance, define ûk =
[û1,c, ..., û10,c, û1,s, ..., û10,s]

T and

uk =



u1,c,3

...
u1,c,7

u1,s,3

...
u1,s,7

u2,c,3

...
u2,c,7

u2,s,3

...
u2,s,7


then

(20) uk = Xûk

where X expressed in (21).
The vibratory response in the frequency domain

can thus be expressed in for the considered linear
model in the form of (1) with

T =

[
Re{Gv(j5Ω)} Im{Gv(j5Ω)}
−Im{Gv(j5Ω)} Re{Gv(j5Ω)}

]
X−1

Note that such model representation is possible due
to the matrix X being invertible. If the r-th channel
of the vibration signal is periodic, it can then be ex-
pressed as

yr(t) = yr,0 +

∞∑
n=1

(yr,c,n cos(nΩt) + yr,s,n sin(nΩt))

The output of the frequency domain linear model is
expressed by yk = [y1,c,5, ..., y6,c,5, y1,s,5, ..., y6,s,5, ]

T .
Similarly, the upper and lower blocks of the baseline
vibration d contain the cosine and sine Fourier coef-
ficients of the 5/rev vibration harmonic with zero flap-
ping, respectively.
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Figure 5: Vibration results with ideal actuation.

4.2 Results with Ideal actuation

Firstly, we implement constrained OBC by describing
the constrained set using 1-norm constraints (13) and
compare them to the more pragmatic approaches of
using constrained OBC with box constraints (11) and
scaling the solution of unconstrained OBC. The re-
sults with ideal actuation are displayed in Figure 5. It
is clearly shown the benefits of using refined control
algorithms to improve significantly the performance
of the control scheme. The average vibration reduc-
tion are 88%, 69% and 52.7% for the use of con-
strained OBC with 1-norm constraints, box constraints
description and scaled OBC, respectively. We have
chosen Q = R = I.

Since five harmonics were chosen to perform the
OBC, the reduction ratio for the use of box constraints
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Figure 6: OBC commands.

is β = 1/(5
√

2) ≈ 0.14. This translates to the QP with
box constraints is performed over a feasible space
that is five times “smaller” than the one by using 1-
norm constraints and for this reason it is more likely
to obtain more conservative results. The scaling for
scaled OBC was performed by scaling the solution of
unconstrained OBC to the largest possible value so
the original flap constraints are guaranteed for both
actuators. We obtain scaling ratios of about 0.51 and
0.61 for the inboard and outboard flaps, respectively,
see Figure 6.
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Figure 7: Vibration results taking into account the ef-
fects of actuator command saturation.

4.3 Results with anti-windup actuator
compensation

Once we have shown that constrained OBC with 1-
norm constraints lead to the least conservative results
among the considered OBC practices under ideal ac-
tuation assumptions, we focus the attention on the
effects of actuator command saturation on such an
OBC approach. For comparison purposes, we con-
sider also their effects on the more standard prac-
tice of scaled OBC. The general results are shown
in Figure 7. Using a combined strategy of con-
strained OBC with a refined flap constraint descrip-
tion, together with anti-windup actuator compensa-
tion, over-performs the standard practice of not using
any compensation at all. The average vibration re-
sults are about 60.4%, 35.3%, 45.13% and 33.4% for
the cases of constrained OBC with anti-windup (QP
& AW), constrained OBC without anti-windup (QP &
no AW), scaled OBC with anti-windup (Scaling & AW)
and scaled OBC without anti-windup (Scaling & No
AW), respectively. Both constrained and scaled OBC
are shown to be sensitive to the effects of actua-
tor command saturation, with anti-windup compen-
sation offering a performance improvement by about
25% and 12%, respectively. As expected, constrained
OBC offer a higher performance and for this reason it
is likely to be more sensitive to actuator input satu-
rations, making anti-windup more desirable when this
OBC approach is pursued.

The performance of the anti-windup compensator is
illustrated in Figures 8 and 9 in the time-domain. For
the constrained OBC case, the inboard actuator con-
troller is saturated, while for the scaled OBC, it is the
outboard actuator control system the one being satu-
rated. The benefits of anti-windup en each of these
situations can be appreciated by the output signal
resulting closer to the reference. Such advantages
can also be appreciated in the frequency domain, as
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Figure 8: Actuator control system tracking perfor-
mance. Reference flap demanded by the constrained
vibration controller with 1-norm constraints.
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Figure 9: Actuator control system tracking perfor-
mance. Reference flap demanded by scaled OBC.

shown in Figures 10 and 11. The anti-windup com-
pensator, by and large, keep the cosine and sine val-
ues closer to the demanded (Ref.) coefficients.

ATEF command signals are restricted to lie in the
range [-0.55,0.55] V. The behaviour of the ATEF ac-
tuator is modelled similarly to that in [6] by a second-
order transfer function

G(s) =
kω2

n

s2 + 2ζωns+ ω2
n

with the damping value ζ = 0.3, natural frequency
ωn = 377.06 rad/s and dc-gain k = 4. The feedback
controller was designed using a H∞ mixed-sensitivity
control design approach [24], whereby the sensitivity
of the actuator closed-loop was shaped in a desired
way. The following controller was obtained after the
design was performed

K(s) ≈ 51919(s2 + 226.2s+ 142175)

(s+ 47226)(s+ 1346)(s+ 0.586)
[1,−1]
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Figure 11: 3-7 harmonic coefficients for scaled OBC
with and without anti-windup.

The antiwindup compensator synthesis was per-
formed so robustness properties were given prior-
ity: Wp = 1 × 10−5 and Wr = 0.9. The obtained
value of F is practically zero implying that M(s) ≈ I.
The obtained scheme is the well-known anti-windup
compensator scheme known as IMC anti-windup [30],
which is known to offer the same robustness char-
acteristics against unstructured uncertainty of the un-
constrained actuator control loop [27, 16].

5 CONCLUDING REMARKS

This work has combined for the first time two types
of constraint handling techniques to improve the per-
formance of OBC systems targeting vibration allevi-
ation. Flap constraints are handled by incorporat-
ing constrained optimisation techniques in the design
of the top-level vibration controller. Actuator com-
mand restrictions can have a significant deteriorat-

ing effect on the overall performance and they are
handled in this work using anti-windup compensation
techniques. The combination of both constraint han-
dling methods can offer significant advantages with
respect to the use of more pragmatic approaches (the
average reduction level across the vibration channels
in the considered simulation example was improved
by a factor of 2 approximately).

In cases where actuator command saturations are
not important, the performance can be definitely im-
proved by using constrained OBC with respect to
pragmatic uses of unconstrained OBC. The use of re-
fined descriptions for the flap constraints under a QP
framework can also offer significant benefits in en-
hancing the performance, but these should be con-
sidered with care as they could introduce an addi-
tional computational burden in real applications. In
addition, constrained OBC with refined descriptions
can be at a higher risk to saturate the actuator as the
produced reference flaps can be larger in magnitude.
In such scenarios the performance could end up be-
ing about the same, if not worse, than constrained
OBC with less refined constraint set descriptions, but
which are easier to implement. If actuator is expected
to become saturated, anti-windup compensation tech-
niques are likely to offer the benefits to avoid a major
performance deterioration with either constrained or
unconstrained OBC. In any situation, both constraint
handling methods have their limitations and perfor-
mance degradation can be unavoidable. Ultimately,
it is the control designer’s duty to investigate a priori
if such design refinements for flap and command in-
put constraints are worth the effort depending on the
specific application.
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