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To solve the problem of secondary path mutation and external disturbance abrupt changes during helicopter maneuver flight, the
previous research proposed a hybrid active vibration control law. To improve the engineering applicability, the original algorithm
is ameliorated to the least mean square-input-output-based robust (LMS-IOBR) algorithm. The system model within the target
frequency band can be identified through the input-output data to avoid constructing complex state observers. In addition, the
output form of the feedback controller is constructed by an autoregressive moving average model with extra input, which is
beneficial to improve operational efficiency. Numerical simulations demonstrate that compared with the original algorithm,
controller real-time computation can be reduced by 52% with control effects guaranteed at the same time. Furthermore, to
verify the effectiveness and adaptability of LMS-IOBR, multi-input multioutput vibration control experiments are carried out
on a specially developed simple platform for simulating helicopter maneuver states. Comparative tests in various typical states
are performed between the LMS-IOBR and the multichannel least mean square algorithm. Under the complex circumstances
of simulating continuous subduction uplift, the peak response of closed-loop system attenuates by 80% and 70%, and the
vibration of two points is reduced to 15% and 20%, respectively, within 3s. The experimental results demonstrate that the
proposed LMS-IOBR algorithm shows stronger transient adaptability and robustness against external disturbance excitation

and secondary channel mutation in helicopter maneuver flight.

1. Introduction

In helicopter flight, the rotor cyclic loads generated by
unsteady airflow and hub torque are transmitted to the
fuselage via the rotor control system and the main gear-
box, leading to serious harmonic vibration and posing
threats to driving safety and comfort. The active control
of structural response (ACSR) technology utilises the
actuators installed on the fuselage to generate secondary
response to minimize the airframe vibration, which has
been successfully applied to some helicopters like EH-
101, EC225, UH-60M, and S-92 [1-4]. In recent years,
piezoelectric stack actuator (PSA) has gained extensive
attention in the active vibration control of local structures,
such as helicopter tail beam and main gearbox, due to its
small mass volume, wide control frequency band, and fast
response speed [5, 6].

However, existing ACSR systems are mainly designed for
vibration suppression of helicopter steady flight, and active
vibration control in maneuver state gains minor attention
[1-4]. Firstly, as is displayed in the measured acceleration
response of a CH-53G helicopter when performing accelera-
tion and deceleration, the alternating rotor aerodynamic
load alters violently and leads to serious vibration during
helicopter large overload maneuver [7-9]. On the other
hand, the rotor power demand changes drastically, contrib-
uting to excitation frequency fluctuations in a short time
[9, 10]. When Bell 427 helicopter turns left, the frequency
oscillation occurs, and the rotor rotating speed could be
reduced by 5% at most [11]. Furthermore, the control per-
formance is restricted by the sudden change of the secondary
path [12]. The results of Z-11 helicopter flight tests demon-
strate that vertical vibration reduction efficiency varies from
30% to 66% at different flight speeds, but the control system
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converged and then diverged several times during maneuver
flight [13]. Therefore, for better adaptive performance, it is
necessary to find a new method to enhance the robustness
of the control law.

Conventional helicopter vibration control laws mainly
include the frequency-domain higher harmonic control
(HHC) and the time-domain filtered-x least mean square
(Fx-LMS) algorithm. Based on linear and quasistatic
assumptions, frequency-domain HHC can effectively reduce
steady-state harmonic vibration [2, 4]. However, due to the
block processing characteristics of the discrete Fourier
transform, the control output and sampling of uncontrolled
response are unable to be synchronized, which contributes
to slow updating speed and poor adaptability in face of
rapid changes of disturbance amplitude, frequency, and sys-
tem parameters [14, 15]. The time-domain Fx-LMS shows
good narrowband control effects and signal tracking ability
without accurate system model, but the algorithm perfor-
mance depends heavily on the correlation between reference
signal and excitation [16]. In addition, the offline modeling
error caused by actual secondary channel mutation will
reduce the adaptive ability and even cause the system to
diverge [8].

In recent years, some algorithms applicable to uncertain
external disturbances and nonlinear systems have been pro-
posed, and metaheuristic learning algorithm is one of the
potential effective methods. For uncertain nonlinear systems
with specified-time guaranteed behaviours, many event-
triggered neural intelligent control methods are proposed
[17, 18]. Moreover, for quadrotors concerning external dis-
turbances and parametric uncertainties, several compensa-
tion trajectory tracking strategies and quadrotor attitude
tracking control strategies are presented [19-22]. To solve
the severe external disturbances, a series of robust control
schemes based on back-stepping and disturbance estimator
are designed [23, 24]. However, there are some difficulties
with these algorithms applying to helicopter active vibration
suppression. On the one hand, helicopter ACSR methods
emphasize disturbance attenuation ability, while metaheur-
istic learning algorithms are designed for flight control and
focus on the command tracking performance. On the other
hand, control target of helicopter vibration changes rapidly,
and more importance needs to be attached to the tracking
accuracy of frequency and phase changes in the algorithm
design.

Given the problems such as time-varying excitation and
secondary path mutation in helicopter maneuver flight, the
authors put forward a filtered least mean square-mixed
sensitivity robust controller (LMS-MSRC) based on the ref-
erence signal reconstruction in the previous research, driv-
ing a PSA to suppress harmonic vibration [25]. Real-time
changes of external disturbance are able to be tracked by
the reconstructed reference signal, helping to accelerate
system convergence. Besides, the H_, feedback controller
designed by parameter perturbation reduces the sensitivity
to secondary path changes, which is conducive to enhance
the robustness. Although these advantages are attractive for
ACSR in helicopter maneuver flight, the algorithm engineer-
ing applicability still needs improvement in practice.
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In subsequent tests, it is found that due to the electrome-
chanical coupling phenomenon, actuator boundary condi-
tion changes have a negative impact on the PSA dynamic
output characteristics. For helicopters equipped with PSAs,
changes in flight conditions will lead to secondary channel
mutation [26]. Therefore, the state observer is often required
to accurately build secondary channel model, and many
efforts are in demand for algorithm design. Furthermore,
the controller designed with the state-space model requires
a large amount of real-time computation, which exerts heavy
burden on hardware resources in engineering practice.

For ensuring vibration suppression effects as well as
computing efficiency improvement, an improved LMS-
IOBR algorithm based on an autoregressive moving average
model with extra input (ARMAX) is proposed. The main
contributions in this paper are summarized as follows:

(i) Different from the modeling strategy of the existing
LMS-MSRC method [25], the past and current
values of system inputs and outputs within the target
frequency band are needed for LMS-IOBR to obtain
a relatively accurate model. The transfer characteris-
tics of the secondary path could be obtained with less
computation, which is conducive to reduce the con-
troller design burden

(ii) Compared with the previous work [25] that uses
complex state observers to calculate real-time out-
put, the ARMAX model is utilized to construct the
output form of the feedback controller, beneficial to
improve operational efficiency and reduce real-time
hardware calculation

The main contents are arranged as follows: the second
chapter introduces the design process of the LMS-IOBR
algorithm. In the third chapter, the simplified helicopter
finite element model is taken to conduct simulations to com-
pare control effects before and after algorithm improvement.
A simple experiment platform for simulating the vibration
environment on helicopter maneuver conditions is intro-
duced in the fourth chapter. The fifth section presents a
series of multi-input multi-output ACSR experiment results
and analyses. Some conclusions are summarized at the last.

2. Improved LMS-IOBR Algorithm Design

To better describe the improved LMS-IOBR, the previous
LMS-MSRC algorithm is introduced, and its shortcomings
of engineering application during maneuver flight are ana-
lyzed. Furthermore, the specific improvement measures of
system modeling and feedback controller design are put
forward.

2.1. Helicopter ACSR LMS-MSRC Method. At an early stage
of research, a hybrid helicopter ACSR scheme was proposed
by combining the robust feedback controller with time-
domain LMS feedforward controller. The LMS-MSRC con-
trol framework is illustrated in Figure 1. v(n) is the rotor
harmonic excitation, and P(z) denotes the primary channel.
d(n) is the vibration response after P(z), indicating a
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FI1GURE 1: Block diagram of the previous LMS-MSRC algorithm for
helicopter ACSR. The red box describes the equivalent secondary
path, and the green one shows reference signal reconstruction.

multifrequency component at the target point (e.g., the
pilot’s position). d,(n) represents the undetectable distur-
bance signal. d.q(n) is the reference signal reconstructed in

real-time via the error signal e(n). S(z) reveals the actual sec-
ondary path, including D/A, driving amplifier, actuator,
dynamic characteristics between actuator and error sensor,
and so on. K(z) is the H,, feedback controller. S, (z) indi-

cates the equivalent secondary path formed by S(z) and K(
z). Zleq' (n) is the filtered reference signal after Zieq(n) filtered
by equivalent secondary path offline estimation §eq(z). W(z)
denotes a feedforward FIR filter. y,(n) and y, (n) are the out-

put signal of W(z) and K(z) independently.
Hence, the LMS-MSRC algorithm is summed up as
follows [25]:

where Dqu(n), Y.(n), Y;(n), and qu'(n) denote the time
series of dy(n), y.(n), ys(n), and deq/(n) separately. The
equivalent secondary path S (z) constructed by the feed-
back controller K(z) is expressed as [25]:

5(2)

Seq(2) = T+SOKE) (2)

From formulas (1) and (2), it can be seen that in view of
the secondary path mutation during helicopter maneuver

flight, LMS-MSRC effectively increases the damping of
equivalent secondary channel S, (z) and reduces the sensi-
tivity to S(z) changes, which is helpful to enhance the system
stability. In addition, the influence of y/(k) on error signal

e(n) is counteracted, and the reconstructed signal aeq(n)

effectively reflects real-time changes of external excitation,
thus speeding up the convergence.

2.2. Improved LMS-IOBR Algorithm. According to the refer-
ence [26], secondary path mutation will take place when
PSAs are used to suppress helicopter vibration in maneuver
flight, which means that when designing feedback control-
lers, complex state observers are often needed to obtain pre-
cise secondary channel model, resulting in a large amount of
design work. Furthermore, the heavy real-time computation
burden shows adverse effects on engineering application. In
order to simplify design process and improve operation effi-
ciency, an improved LMS-IOBR algorithm is proposed to
accomplish secondary path modeling by ARMAX and feed-
back controller design.

2.2.1. Secondary Path Modeling Based on ARMAX. The con-
troller is designed for single-input single-output ACSR sys-
tem for convenience. As is shown in Figure 2, assuming
that the system dynamics model is an ARMAX structure of
“controlled object+measurement noise”, the discrete-time
secondary channel model can be expressed as [27]:

A(2)y(n) = B(z)u(n) + C(2){(n), (3)

where 7 is the discrete sampling time. u(n) and y(n) repre-
sent the input voltage and vibration response separately. {(
n) is the measurement white noise with the assumption that
it is smooth and bounded. And

A(z)=1+a;z"' +a,z %+ a, 2™,

B(z)=b;z" + b22_2+~-bnbz_”b, (4)

Cz) =z + 6z 24, 27,

where n,, n,, and n_ are delay operators z™! order of polyno-
mials A(z), B(z), and C(z), respectively. In practice, through
the current and past value of the input signal and output
response data, the nominal model and noise model of sec-
ondary path can be identified simultaneously so as to obtain
more accurate parameter estimation.

2.2.2. Robust Controller Design Using Input-Output
Identification Model. Considering the vibration suppression
characteristics in helicopter maneuver flight, the controller
design of secondary path perturbations is transformed into
the robust performance design problem of uncertain param-
eter systems. For the secondary channel identified using the
input-output data, the robust stabilization problem is solved
with an appropriate performance weighting function so that
a suitable robust controller is obtained, increasing system
damping and reducing the sensitivity to secondary path
changes at the same time.
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FiGure 2: Block diagram of secondary path modeling based on
ARMAX.

The scheme of the feedback controller design is dis-
played in Figure 3. The actual secondary channel S(z) based
on multiplicative uncertainty consists of a nominal model
and a perturbation part. AS,(z) represents the dynamic
parameter perturbation caused by helicopter maneuver
action. B(z)/A(z) is the nominal secondary path when AS,(
z) =0, obtained by model identification with input-output
data. d(n) +dy(n), y,(n), and e(n) are the external distur-
bance, control, and error signal, respectively.

Assumption 1. The multiplicative uncertainty in secondary
path S(z) shows relative errors between the actual dynamics
and the nominal model. The parameter perturbation AS,(z)
is uncertain but usually is norm-bounded so that

0[AS,(2)] < 8(jw) (5)

where 0 can be set to a known scalar function for all
frequenciesw.

Remark 2. Note that although the actual parameter pertur-
bation AS,(z) is unknown, the controller design is based
on the upper limit of fluctuation range &(jw). Therefore,
the controller is designed to meet the system robustness
requirements.

The transfer function between d(n) +d,(n) and y,(n)
is defined as the output sensitivity function H(z), and
that between d(n) + d,(n) and e(n) is set to input sensitiv-
ity function H_4(z). To improve operation efficiency in
engineering application, the output form of the feedback
controller is designed with the ARMAX model. H,;(2)
and H,,(z) are

B A(2)T(z)
H(z) = A(2)T(z) + B(2)R(z)’ (6)
Hy(2) =~ R

To ensure control system robustness under secondary
channel mutation, it is necessary to confirm output
response changes caused by AS,(z) to satisfy certain
performance criteria. According to reference [28], the
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following requirements need meeting:

145,(2) < a2 = [ 45,5) %

Therefore, to achieve disturbance suppression target in
the sense of co—norm, equation (7) is transformed into a
robust stabilization problem, which is solved to gain an
appropriate H_, feedback controller R(z)/T(z).

Considering the frequency characteristics of excitation
and the system complexity reduction, the disturbance sup-
pressing performance should be focused on the target fre-
quency band by designing a reasonable performance
weighting function W, (z). Large amplitude is required at
the excitation frequencies to suppress response. For the sake
of simplifying complexity and avoiding system natural fre-
quencies, W, (z) is therefore designed as a narrow band pass
filter with excitation frequencies, which is shown in

2
NGy, gu— i — (8)
=1 52 + 2fwiais +fwi

where A and o, indicate the adjustment coefficient and sys-
tem damping ratio, respectively. f . is set to disturbance fre-
quencies. As a result, the robust performance objective is
adjusted from equation (7) to

1

A(2)T(z) -
o 145

A(2)T(z) + B(2)R(z) )

ng@x

With MATLAB robust control toolbox and several sim-
ulation attempts, proper W, (z) parameters can be obtained,
and a stable robust controller K(z) is designed as a z-domain
controller via time-frequency conversion.

Similarly, in order to limit the controller input energy in
practice, robust stabilization can be designed for the input
sensitivity function H,,(z). Therefore, the objectives of dis-
turbance attenuation and energy reduction can be taken into
account simultaneously via mixed sensitivity controller
design. Accordingly, the robust stabilization problem that
needs solving becomes:

AET(E)
wi@xHE | | O AETE  BeRE)
Wz(z) XHud(Z) ) Wz( ) A(Z)R(Z)

“ A(2)T(z) + B2)R(2)

[ee)

(10)
where W,(z) is a high-pass filter, usually taken as constant 1.

3. Numerical Simulations

To verify the effectiveness of the proposed LMS-IOBR, a
simplified helicopter finite element model is used to carry
out single-input single-output ACSR simulation during
maneuver flight. Offline system identification is performed
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FiGure 3: H,, feedback controller design by S(z) based on multiplicative uncertainty.

based on the ARMAX model to complete the feedback con-
troller design. LMS-MSRC and multichannel LMS simula-
tions are carried out simultaneously for comparison [12,
21]. As a result, the control effects of LMS-IOBR are con-
firmed in the case of complex external disturbance and sec-
ondary path mutation in helicopter maneuver.

3.1. Simplified Helicopter Finite Element Model. In some
cases, the helicopter fuselage can be simplified as a slender
elastic beam model for vibration response analysis [29].
Figure 4(a) displays a free-free finite element beam model
established as the simplified helicopter fuselage in the previ-
ous research. The detailed structural parameters are given in
Table 1.

To verify the secondary path mutation in maneuver
flight, it is necessary to further establish the dynamics model
of the airframe installed with a PSA. As is exhibited in
Figure 4(b), external excitation is applied at the 94th node
to simulate rotor aerodynamic loads. Node 41 stands for
the driver’s position, where the vibration response measured
is regarded as an evaluation target for the overall validity of
the ACSR system. The PSA is installed at the 109th node.
The vibration response analysis of the helicopter electrome-
chanical coupling beam model built by COMSOL is carried
out so that the transfer function between PSA input voltage
and target position response is obtained. With the applica-
tion of the vertical static force at node 3, the PSA boundary
conditions are altered so that the new transfer function of
the simulated helicopter maneuver flight can be obtained.

Considering the actual demands for vibration attenua-
tion and control system scale, a series of ACSR simulations
based on the first two harmonic frequency components
(19.5Hz + 39 Hz) are carried out [30]. The response ampli-
tude of 39 Hz is about 30% of 19.5 Hz by regulating excita-
tion magnitude. Gaussian white noise is added to the
multifrequency disturbance signal.

3.2. Secondary Path Identification. It is necessary to obtain
the offline model of the secondary path in advance for
designing the control law. Compared with the state-space
model, the secondary path composed of the ARMAX model
can be set to a specific modeling order so that some higher-
order modes are ignored. As a result, dynamic characteristics
of the system are described more accurately within the target
frequency band.

The identification object is the model between the PSA
input voltage installed at the 109th node and the vibration
response measured at node 41. The sampling rate in the sim-
ulation is set to 1000 Hz. The vibration response is obtained
by introducing 15~45Hz white noise, and the secondary
path is identified by the ARMAX method. After complexity
estimation, the order of polynomial A(z) and B(z) is
adjusted to n, =6 and n;, = 4.

Remark 3. Note that the values of n, and n; can be deter-
mined as the following steps. n, can be initially determined
by input signal frequency band range in system identifica-
tion. The number of modes covered by the input frequency
band determines the value of #,, which can initially be taken
as twice the mode number. Then, after repeated attempts,
the order of n, is adjusted by evaluating the system identifi-
cation effects.

The accuracy of system identification can be verified by
modeling residual §(n), which is defined as

8(n)=y(n) = 0" (m)g(n), (11)

(12)

9" (n) = [=y(n = 1) s=y(n—np), u(n = 1), u(n—mn,)].
(13)

The estimated residual and predicted error for the sys-
tem identification process are demonstrated in Figure 5.
The input-output data of the first 4s is used for model iden-
tification. Based on the identification model at the end of 45,
the output in the following 6s is predicted from the input
data and compared with the desired vibration. The identifi-
cation results illustrate that the modeling prediction error
is only 7.1% in contrast with the desired output, proving that
the input-output characteristics of the system are relatively
accurately described based on the ARMAX model.

3.3. Computational Complexity Analysis. To highlight the
advantages of low complexity for LMS-IOBR, vibration con-
trol simulations of LMS-IOBR, multichannel LMS, and
LMS-MSRC algorithm are compared. The initial parameter
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FiGuRre 4: Simplified finite element model of the helicopter airframe. (a) The whole fuselage. (b) Enlargement of the front airframe.

TABLE 1: Parameters of the beam structure.

Parameters Data

Mass (kg) 6.0x 10°
Density (kg/m?) 7.8 x 10°
Modulus of elasticity (GPa) 2.1 x10?

Poisson’s ratio 0.3
First natural frequency (Hz) 8.2, 11.2, 16.7, 26.9, 33.2, 50.4, 56.9
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Ficure 5: Estimated residual and predicted error in system
identification.

settings are as follows to ensure the consistency: the sam-
pling rate is set to 1000 Hz. The filter length L is set to 32,
and the initial value of the filter coefficient is 0. After sev-
eral attempts to obtain maximum convergence factors, the
convergence factors of multichannel LMS are py5y, =8
x 107 and pygy, =2 % 107, In addition, the value of the
LMS-MSRC and LMS-IOBR is p=5x 1072 In this way,
it is ensured that all three control algorithms can show
their optimal performance. The adjustment coefficients,
external disturbance frequencies, and system damping

ratio are designed as follows: A =04, f_ . =2mx [19.5,39)],
and o, = [0.06,0.025].

The feedback controller in LMS-MSRC is designed in the
form of the state-space model, of which the state vector
length is m =12. The order of the feedback controller
designed by the input-output identification model in LMS-
IOBR is ny =7 and ny =6. It is apparent that, compared
with LMS-MSRC, the feedback controller design in LMS-
IOBR is simpler.

The computational complexity of the three algorithms is
illustrated in Table 2. M and N represent the modeling FIR
filter length of the equivalent secondary path geq(z) and

actual secondary channel S(z), respectively. In subsequent
simulations, M = N = L = 32. Substituting specific values into
calculation, it is found that the complexity of multichannel
LMS, LMS-MSRC, and LMS-IOBR is 513, 596, and 284,
respectively, in each update. Compared with LMS-MSRC
using the state-space model, the complexity of LMS-IOBR
is reduced by 52%, resulting in a great reduction of real-
time computational burden.

3.4. Numerical Results and Analysis. To verify the robustness
and adaptability of LMS-IOBR applied to helicopter ACSR
in maneuver flight, it is compared with multichannel LMS
and LMS-MSRC in vibration control simulations.

Remark 4. Note that to ensure fairness in comparison of the
simulation results, the control system parameter consistency
is set in the following aspects: (1) initial parameter settings
of control system, (2) convergence factors and optimal con-
trol performance, and (3) external disturbance excitation
and secondary channel mutation. Through the above three
measures, it is ensured that the differences in control effects
are caused by the performance of the three algorithms. In all
simulation examples, the controller parameters of each algo-
rithm remain unchanged.

3.4.1. Secondary Path Mutation and Additional Transient
Perturbation. The control started at 10s. To realize second-
ary channel changes and transient aerodynamic interference
caused by a gust in maneuver flight, the control channel is
replaced by a new transfer function at 30s, and extra pertur-
bation is applied at 50s. The comparison of the three algo-
rithms is illustrated in Figure 6.
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TaBLE 2: Computational complexity.

Multiplications

Additions In Total

Multichannel LMS 6L + 2N

6L +2N +1 12L+4N +1

LMS-MSRC 2L+2M + (m+1)? 2L+2M +2+ (mg+1)? 4L +4M +2+2(m + 1)?
LMS-IOBR 2L +2M + (ny + np) 2L +2M +2 + (ng + ny) AL +4M + 2+ 2(np + ng)
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FIGURE 6: Comparison of acceleration response with 3 different helicopter ACSR methods. (a) Acceleration response. (b) Control process at
secondary path mutation (29.5-32.55). (c) Control process at additional perturbation (49.5-54s).

As we can see from Figure 6(a), acceleration response
decreases to 16% after multichannel LMS controls for 20s,
while the two hybrid methods converge rapidly so that the
multifrequency vibration components are completely sup-
pressed after 7s. Figures 6(b) and 6(c) separately display
the vibration control process when secondary channel is
abruptly changed and additional perturbation is applied. It

is of the slowest convergence speed for multichannel LMS
among all 3 methods to adjust to secondary path changes.
Moreover, for lack of necessary reference information, mul-
tichannel LMS exhibits poor adaptive performance for extra
disturbance, but response overshoot of LMS-MSRC and
LMS-IOBR is reduced by 55% and 46%, respectively. In
comparison with LMS-MSRC, although the controller
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F1cure 7: Comparison of acceleration response with 3 different helicopter ACSR methods. (a) Acceleration response at control point. (b)
Control process at amplitude recovery (53.5-56s). (c) Control process at frequency reduction (69-73s).

designed using the ARMAX model in LMS-IOBR has
more vibration response oscillations, it shows strong inhi-
bition performance against dynamic parameter changes
and uncertain transient disturbance, which helps to

enhance system robustness and adaptability in maneuver
flight.

3.4.2. Harmonic Force with Time-Varying Magnitude and
Frequency. Taking the helicopter accelerating forward flight
condition for example, harmonic force amplitude increases
30% every 8s from 30s on and returns to original at 54s.
Disturbance frequency is reduced by 5% (18.5Hz + 37 Hz)
at 70s to simulate the decrease of engine output during
maneuver flight. The control started at 10s, and the vibra-
tion control process is illustrated in Figure 7.

As is shown in Figure 7(a), for external vibration with
continuously changing amplitude and frequency, the con-
vergence speed of multichannel LMS is slow. In contrast,
the hybrid controller with LMS-MSRC exhibits better con-
vergence. It can be found from Figures 7(b) and 7(c) that
global vibration attenuation reaches 90% within 2 s at ampli-
tude recovery and frequency decrease, and response over-
shoot of the closed-loop system drops 43% and 37%,
respectively. Compared to this, although the overshoot sup-
pression effects of LMS-IOBR are weakened, the recon-
structed reference signal could effectively track vibration
response changes, making it beneficial to ensure system sta-
bility and accelerate convergence speed.

It is not hard to draw the conclusions with the above
simulation results: compared with multichannel LMS, two
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FIGURE 9: Actuation system mounted on the elastic beam.

TaBLE 3: Parameters of the piezoelectric stack.

Parameters Data
Peak-to-peak displacement (ym) 100
Axial stiffness (N/m) 2.0 x 107
Blocked force (N) 3.5%103
First axial natural frequency (kHz) 10
Diameter x length (mm) 15 x 100
Input range (V) 0~150

hybrid algorithms perform faster convergence as well as bet-
ter robustness, showing great self-adaptability to compli-
cated conditions in helicopter maneuver flight. There is no
need for LMS-IOBR designed based on input-output identi-

TABLE 4: Parameters of the beam structure.

Parameters Data
Length x width x height (mm) 1200 x 8 x 80
First three natural frequency (Hz) 6.9, 43.5, 79.0
Control points (mm) 100, 180
Actuator location (mm) 300, 530
Exciter location (mm) 740

fication model to obtain accurate state model. In contrast
with LMS-MSRC, real-time calculation of the hybrid con-
troller is reduced, and vibration suppression effects can be
guaranteed at the same time, which is more conducive to
engineering implementation.
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control system.

4. Elastic Beam Rotary ASCR Experiments

In order to validate the proposed method under complex
working conditions, multi-input multi-output harmonic
experiments are conducted with the developed elastic beam
rotary ASCR test system. The platform drives the elastic
beam to reciprocate via a single-axis turntable, causing con-
tinuous changes in the PSA boundary conditions and system
parameters to simulate the vibration environment in heli-
copter maneuver stage.

The elastic beam rotary ACSR test system is estab-
lished in Figure 8. The elastic beam fixed to the single-
axis turntable represents the floor structure of helicopter
front airframe. The signal generator (1000Z, DG) outputs
multifrequency signal, which drives the electromagnetic
exciter (HEA-50, Sinocera) mounted on the turntable to
generate dynamic loads via the power amplifier. Two
points on the front of the elastic beam (simulating the
drivers’ seats) are chosen as control positions, where mea-
sured vibration enters the data acquisition system
(DH5902, Donghua) after low-pass filtering by a signal
conditioner (CM3504, Centuryl). The single-axis turntable
(C10T45A, Suline) is able to rotate around the central
axis, simulating the real-time changes of the fuselage pitch
angle during maneuver flight.

As is illustrated in Figure 9, the actuation composed of
PSAs is set to the elastic beam by rigid clamping bending ele-
ments and fastening bolts. PSAs convert axial force into local
bending moments with this coupling mechanism to suppress
structural bending vibration. Parameters of the piezoelectric
stack (PJ 100VS15) are shown in Table 3. The PSA output
force is up to 3500 N under low-voltage driving conditions,
with higher mechanical output efficiency and sufficient
power.

The DSP (C6747, TI) calculates real-time signal accord-
ing to the active control law, which drives the PSAs to gen-
erate the desired torque so as to cancel the response caused
by external excitation. Table 4 reveals the structural param-

Normalized response
o

P A

Amplitude | Phase [Frequency |
5 Ichanges | increases Ireduces 5% !
0 5 10 15 20 25
Time (s)
—— Reality
—— Reconstruction
—— Error

FiGure 11: Comparison between the reality and construction
signal.

eters of the elastic beam, and a physical diagram of ACSR
experiment system is displayed in Figure 10.

5. Results and Analysis of ACSR Experiments

Comparative ACSR experiments have been conducted
between multichannel LMS and the improved hybrid algo-
rithm to verify the effectiveness of LMS-IOBR. The test steps
are as follows: firstly, the accuracy of reference signal recon-
struction is verified. In addition, the adaptive performance of
the hybrid controller to the secondary channel mutation is
validated and analyzed. Then, the control tests are carried
out for time-varying amplitude, phase, and frequency of
rotor loads during maneuver flight. At last, taking all the
above factors into consideration and driving the elastic beam
to rotate continuously, the transient disturbance suppression
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FIGURE 12: Acceleration response with multichannel LMS. (a) 1# point. (b) 2# point.

and convergence performance are verified under the com-
plex condition of simulating continuous subduction uplift.
After several attempts, the convergence step of multi-
channel LMS is set to 954y, =2 % 107 and py95, = 6.5 %
10 while that of LMS-IOBR is 4 = 3.5 x 1072, The sampling
rate is 1000 Hz. The filter order is set to 32 and the initial
value is 0. The adjustment coefficient A, external disturbance
frequency f,, and system damping ratio o; are designed as
follows: A =0.28, f., = 27 x [19.5,39], and 7, = [0.095, 0.04].

5.1. Reference Signal Reconstruction Test. To prove the accu-
racy of the reconstructed reference signal, the uncontrolled
response at 1# control point is chosen as the reconstruction
signal. The reality and reconstruction signal are compared in
Figure 11. At 10s, 155, and 20s, the amplitude, phase, and
frequency of the excitation signal change, respectively, and
all response signals are normalized by the peak value before
10s. It can be seen that the reconstruction signal is in good
consistency with the reality, and the overall error is less than
6.1%. Although reconstructed error increases after 15s, it
does not show a divergent trend, which reveals that the
reconstructed signal performs good tracking ability to the
reality signal changes. From the subsequent tests, such
reconstruction error is acceptable, and the LMS-IOBR
hybrid controller works well.

5.2. Secondary Path Mutation Experiments. The cantilever
beam on the turntable remains stationary before control.
To simulate the system parameter changes in helicopter
maneuver flight, different lateral static forces F are applied
at the top of the beam so as to accomplish different changes
in the secondary channel. The control starts at 20s. The
static force is unloaded at near 60s, and secondary paths
return to original value.

The vibration control process is illustrated in Figures 12
and 13. LMS-IOBR shows faster convergence than multi-

channel LMS with the same secondary channels. When the
static force F =0, the acceleration response of 1# and 2#
points attenuate 20% and 30%, respectively, with application
of multichannel LMS for 14 s and 25 s. However, LMS-IOBR
converges rapidly, and the vibration response of the two
controlled points achieves same vibration suppression after
5s. Multichannel LMS shows more sensitivity to secondary
path changes, and the system convergence changes signifi-
cantly. Both methods could adapt to secondary path muta-
tion, but the convergence of multichannel LMS is slower,
while LMS-IOBR performs stronger stability and robustness
by contrast.

Figures 14 and 15 display the acceleration response with
multichannel LMS and LMS-IOBR at secondary path muta-
tion independently. It reveals that the greater the static force
F exerted on the cantilever, the more secondary channel
changes after force is unloaded. When F=10N, transient
vibration response with multichannel LMS reaches 0.6 m/
s? and 0.48 m/s’>. In contrast, the response overshoot of
LMS-IOBR is only 0.4 m/s* and 0.48 m/s?, which is reduced
by 33% and 52%, respectively.

The secondary path has a great impact on the adaptabil-
ity and stability of the control system, and it is of significance
to analyse system frequency response function before and
after dynamic parameter changes. Figures 16(a) and 16(b)
show that, before and after unloading of static force F = 10N
, actual secondary path G,;(w) and equivalent secondary
channel Geq,,(w) from 1# PSA to 1# point change a lot. The
value of G, (w) before mutation is G; (w;) =—2.42x 1072 +
0.402 x 107%i(m - s72/V), and it becomes G,,(w,) = —4.21 x
1072 +0.431 x 1072i(m - s2/V) after mutation. Re (G, (w,))
and Im (G, (w,)) represent the real and imaginary part of
Gy, (wy), respectively. G;; (w) and Geq,, (w) before and after
system parameter mutation are illustrated in Table 5.

It can be seen that the actual secondary channel G,
(w) changes severely within 2s after 60s. Phase error is



12

Control starts

Acceleration (m-s~2)

Secondary path

International Journal of Aerospace Engineering

Control starts

\

T
g
o
2 0
s
8
g -1
<
-2 Secondary path
mutation
-3 1 1 1 1
0 20 40 60 80 100
Time (s)
— F=0
— F=5N
— F=10N
(b)

FIGURE 13: Acceleration response with LMS-IOBR. (a) 1# point. (b) 2# point.

-2 mutation
-3 1 1 1 1
0 20 40 60 80 100
Time (s)
— F=0
—— F=5N
—— F=10N
()
0.8
0.6

Acceleration (m-s~2)

-0.6

58 59 60 61 62 63 64 65

Time (s)

()

1.2
0.8
A
E
=
L
=
R
[
3
<
-0.8
~12 L L L L L L
58 59 60 61 62 63 64 65
Time (s)
— F=0
— F=5N
F=10N
(b)

FIGURE 14: Acceleration response with multichannel LMS at secondary path mutation (58-65s). (a) 1# point. (b) 2# point.

|£(Gy; (@))~2(Gy; (w))|=3.58 > and amplitude error is ||
Gy, (w)| = |Gy, (@)]|/|Gy; (@) =72.5%. In contrast, phase
error and amplitude error of the constructed equivalent
secondary path Geq;;(w;) are only 1.21° and 41.0%,
which is far less than those of G,;(w). Furthermore, the
same is true for the changing trend of G,(w,) and G,
(w,). As a result, the proposed LMS-IOBR shows signifi-
cant damping compensation effects on the secondary path
so as to have stronger adaptability to varying system
parameter changes, which is beneficial to improve the
robustness and effectiveness of helicopter ACSR during
maneuver flight.

5.3. Time-Varying Rotor Load Excitation. In order to repro-
duce load changes of amplitude, phase, and frequency in

maneuver flight, the excitation amplitude is set as follows at
40s: F(t)=[1+0.15sin (0.2 x 27t)] X Fy(t), which means
that excitation force fluctuates in the form of a sine signal with
a frequency of 0.2 Hz, and the fluctuation value is 15% of the
initial value. Excitation phase increases 45° at 60s, and the
two excitation frequencies simultaneously decrease 5% at
80s. Control starts at 20s. The turntable remained stationary,
and the two control algorithm settings were kept unchanged.

The vibration response and control voltage using multi-
channel LMS and LMS-IOBR are illustrated in Figures 17
and 18, respectively. Compared with multichannel LMS,
LMS-IOBR shows faster convergence and better disturbance
adaptability after vibration is suppressed. Figures 17(c) and
17(d) demonstrate that with disturbance continuous fluctu-
ation, multichannel LMS gains stability at the expense of



International Journal of Aerospace Engineering

0.8

Acceleration (m-s~2)

-0.6 -
-0.8 L L L L L L
58 59 60 61 62 63 64 65
Time (s)

— F=0

— F=5N

— F=10N

(a)

13
1.2
0.8 +
£
=
2
=
5
Q
3
<
-0.8
-1.2 1 1 1 1 1 1
58 59 60 61 62 63 64 65
Time (s)
— F=0
—— F=5N
—— F=10N
(b)

FIGURE 15: Acceleration response with LMS-IOBR at secondary path mutation (58-65s). (a) 1# point. (b) 2# point.

x1072
2_
P P ;f\‘—"/l \‘*~”"\~/<~,/«‘,
0L
§ _______________________________
F
_2_
4}
1 1 1 1 1 1
58 59 60 61 62 63 64 65

Time (s)

—— Re(Gy; (wy)
——- Im (G11 (wl))

— Re(Geqy; (wy))
——— Im (Gegqy; (w)))

(a)

-1
x10
1
A A A A AN A AAVAAN PN,
0F
D e e il
Q
3
=
1k
227 ER APV
"
un\n\m’,\“’\t"’/\\\AM/VyQL\ﬂ"ﬂy\\m//,\,\w”’v‘ﬂf\ W
-2 1 1 1 1 1 1
58 59 60 61 62 63 64 65

Time (s)

—— Re(Gy; (wy)
——- Im (G11 (wz))

— Re(Geqy; (wy))
——— Im (Gegqy; (w,))

(®)

FIGURE 16: Actual secondary path G|, (w) and equivalent secondary path Geq, (w) before and after system parameter mutation (58-65s). (a)

Gy (w,) and Geqy, (@, ). (b) Gy, (w,) and Geq,, (w,).

slow adjustment speed, making the vibration response at
the control point increase with excitation changes. In con-
trast, as is shown in Figures 18(c) and 18(d), the output
of control voltage in LMS-IOBR is adjusted quickly,
speeding up convergence and ensuring system stability at
the same time.

On the other hand, excitation phase mutation causes dis-
continuous changes of uncontrolled vibration, which wid-
ened the phase gap between desired signal and the
secondary response contributed by PSAs, leading to the
residual vibration increasement. It takes at least 20 s for mul-
tichannel LMS to converge, while the proposed LMS-IOBR

adjusts the control signal phase rapidly, and error response
is suppressed within 7s, showing better performance of
tracking disturbance and adapting to changes.

5.4. Simulating Continuous Subduction-Uplift Helicopter
Maneuver Condition. To fully simulate helicopter ACSR in
maneuver flight, continuous changes of harmonic excitation
and secondary path need considering simultaneously. First
10s is the control process after vibration is stabilized, when
the turntable remains still. From 10s on, external distur-
bance changes every 10s and frequency decreases 5%. In
each change, excitation phase raises 30° and amplitude is
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TaBLE 5: G;;(w) and Geq,,(w) before and after system parameter mutation.

H,y(w)/(m-s?/V)

H,y(w)/(m-s2/V)

Phase error Amplitude error

Gy (wy) ~2.42x 1072 +0.40 x 1072} —421x 1072 +0.43 x 1072} 3.58° 72.5%
Geq,, (w;) 1.12x 1072 - 0.36 x 107%i 1.59x 1072 - 0.47 x 107%i 1.21° 41.0%
Gy, (w,) 1.83x 1072 -1.66 x 107§ 1.09x 1072 — 1.41 x 107" 1.87° 15.3%
Geq,, (w,) 6.24%x 1072 —2.36 x 1072 5.98 x 1072 —2.32 x 1072 0.49° 3.9%
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FIGURE 17: Acceleration response and control voltage with multichannel LMS. (a) Acceleration response at 1# point. (b) Acceleration
response at 2# point. (c) Control voltage of 1# PSA. (d) Control voltage of 2# PSA.

increased by 50% within 2 s, which remains unchanged until
it decreases to initial within the last 2s. According to refer-
ence [14], fuselage pitch angle of UH-60A helicopter
changes about 30° during pull-up maneuver in high-speed
forward flight. Therefore, the turntable is driven to rotate
back and forth between 154° and 186" within 5s. Figure 19
displays the changing process of the elastic beam position.
The turntable stops moving at 40s, and the amplitude and
frequency of excitation return to the original value.

As we can see from Figures 20 and 21, vibration
response of the elastic beam has achieved satisfactory
attenuation before excitation changes. However, uncon-
trolled response surges due to the sudden change of dis-
turbance phase and amplitude sharp increasement.
Multichannel LMS shows poor adaptability to complex
disturbance and secondary path changes. After continu-
ous secondary path changes caused by the elastic beam
reciprocating motion, the peak value of the controlled
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response at 1# and 2# control points continues to increase,
which is only 49% and 34% lower than that of the
uncontrolled response. In contrast, LMS-IOBR displays good
applicability to simulating continuous subduction-uplift heli-
copter maneuver condition. Figure 21 shows that the peak
response of closed-loop system attenuates 80% and 70%,
and the vibration is reduced to 15% and 20%, respec-
tively, within 3s, which verifies fast convergence and
adaptability to the secondary path. Experiment results
demonstrate that the proposed LMS-IOBR can suppress
harmonic vibration in the time-varying secondary path
effectively, showing strong transient adaptability and
robustness.

6. Conclusions

To solve the problems of the secondary path mutation and
time-varying external excitation during helicopter maneuver
flight, an improved LMS-IOBR algorithm is proposed. Vibra-
tion control simulations are carried out based on a simplified
helicopter finite element model. The ACSR experiments are
conducted on a designed elastic beam rotating test platform
which can simulate helicopter’s continuous subduction uplift.
The main conclusions are summarized as follows:

(1) The system model in the target frequency band can
be identified through input-output data in the



International Journal of Aerospace Engineering

LMS-IOBR, and the output form of the feedback
controller is designed based on the ARMAX model.
The simulation results of the secondary channel
mutation and the complex time-varying disturbance
reveal that real-time computation of LMS-IOBR is
reduced by 52%, showing fast convergence and
strong robustness while ensuring control effects

(2) In rotating ACSR experiments on the rotating test
platform, the LMS-IOBR algorithm shows obvious
advantages over multichannel LMS in adaptive regu-
lation performance, robustness, and convergence
speed. The experimental results demonstrate that
LMS-IOBR can suppress harmonic vibration
response under the complex conditions of external
disturbance and sudden changes of the secondary
channel during helicopter maneuver flight, revealing
strong robustness and transient adaptability

In the future, the effectiveness of the proposed controller

could be validated through the helicopter maneuver flight
experiments.
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