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Abstract: When the helicopter flies forward， the aerodynamic environment will lead to the instantaneous asymmetry 
of aerodynamic load on the blades with different angles， which will form a large range of low-frequency vibration on 
the fuselage through the transmission of the infrastructure. To eliminate the vibration force with multi-directional 
amplitude variation， using the active control principle of structural response， an active vibration elimination electric 
actuator system based on the x-LMS algorithm is designed， and the vibration reduction experiment is carried out. 
Firstly， the scheme of two motors rotating in the same direction in a single actuator is established by comparison. 
Through the combination of actuators， the mathematical model of output force is deduced. Secondly， the system 
control block diagram of load phase difference cross-coupling is designed. For the phase outer loop with coupling， the 
parameter range that meets the requirements of the system stability margin is determined by the method of 
characteristic value of the feedback matrix， and then the optimal solution is found in the obtained parameter stability 
region according to the sensitivity function and input tracking performance. Then， a helicopter active vibration control 
system based on the x-LMS algorithm is proposed， and the damping effect of the system is verified by simulation. 
Finally， the experimental prototype is developed， the dynamic experiment and steady-state experiment are carried 
out， and the actual damping effect of the system is verified by the vibration elimination experiment.
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0 Introduction 

During the forward flight of the helicopter， a 
complex and asymmetric aerodynamic environment 
will be formed around the blades， which will cause 
the blades in different positions to generate unbal‑
anced moments， resulting in serious fuselage vibra‑
tion［1］. However， excessive vibration will reduce 
driving comfort， affect the service life of airborne 
equipment， and increase the workload and cost of 
maintenance. Therefore， it is urgent to reduce the 
vibration of the helicopter［2］.

In recent years， active control of structural re‑
sponse （ACSR）［3-5］ has become the mainstream of 
helicopter vibration reduction research at home and 

abroad. Ensure that the vibration level of the next 
generation helicopter meets the requirements speci‑
fied in the US Army’s directive document ADS-27 
（critical components less than 0.05g）

The schematic diagram of active control of 
structural response is shown in Fig.1. Its basic idea 
is to reduce vibration in the way of “vibration can‑
cels vibration”［6］. The vibration information on the 
basic structure is collected by the sensor and sent to 
the vibration active controller， and the controller re‑
verses the force and sends it to the actuator unit for 
execution. The actuator unit generates a force with 
the same frequency， amplitude， and direction as the 
vibration force， which is offset by the 180° diffe‑
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rence between the phase and the vibration force to 
realize vibration reduction.

As the actuator of ACSR system， it plays a 
very key role in the whole system， so the actuator 
has been widely studied at home and abroad. Pusan 
University of Korea developed an electric vibration 
damper that adjusted the output force amplitude by 
changing the rotation radius of the eccentric mass 
block［7］. Ref.［8］ proposed a bilateral independent 
control mode algorithm with controllable output 
force amplitude， which was verified by a centrifugal 
electric damper driven by a double servo motor for 
eccentric load. Ref.［9］ proposed a phase tracking 
control algorithm of adjustable mechanical active vi‑
bration damper， which can realize the online adjust‑
ment of phase. Ref.［10］ described the active vibra‑
tion isolation technology of ship main engine and its 
power device， active vibration absorption technolo‑
gy of power device，and active vibration elimination 
technology of ship structure， promoting the develop‑
ment of ship vibration elimination technology. 
Ref.［11］ studied the control strategy and control al‑
gorithm of online force actuator and developed an 
experimental prototype， which has achieved good 
vibration elimination effect.

Based on the advantages of adjustable force am ‑
plitude， frequency， phase and direction， the electric 
vibration damping actuator system has been widely 
used in a new generation of non-fixed-wing aircraft 
vibration reduction systems［12］. However， due to the 
periodic pulsating load disturbance imposed by the 
imbalance masses on the motor side， the stability 
margin of the electric actuator control system is re‑
duced， thus increasing the difficulty of the system 
controller design. To solve the problem， the cross-

coupling control strategy of load phase difference 
based on multi-input and multi-output（MIMO）［11］ is 
adopted. For the phase outer loop with coupling， 

the parameter range meeting the requirements of 
system stability margin is determined by the method 
of characteristic value of the feedback matrix， and 
then the optimal solution is found in the obtained pa‑
rameter stability region according to the sensitivity 
function and input tracking performance so that the 
actuator system can not only obtain the desired sta‑
bility margin but also have good anti-interference 
performance and tracking performance.

In the active helicopter vibration damping sys‑
tem， the actuators are mainly installed on some non-

critical nodes， and the generated actuating force is 
transmitted to the basic structure through the rigid 
body， and finally， the vibration level on the basic 
structure is minimized. However， because the con‑
trolled object often has variable structure， time-

varying parameters， and various uncertain factors， 
it is difficult to optimally control the system. In or‑
der to solve the problem of the optimal weight of the 
output coefficients of each actuator group， this pa‑
per realizes the real-time update of the coefficient 
vector through the x-LMS algorithm， continuously 
adjusting the output of the adaptive filter［13］， and 
sending the generated feed forward signal to the ac‑
tuator to generate actuating force. Therefore， the vi‑
bration interference of the rotor vibration on the fu‑
selage can be accurately eliminated.

1 Model Establishment of Electric 
Vibration Damping Actuator

1. 1 Electric vibration‑damping actuator　

The structure diagram of the electric vibration-

damping actuator is shown in Fig.2. The imbalance 
mass is driven by a brushless DC motor to perform 
the centrifugal motion， and the required actuation 
force is synthesized through the centrifugal force.

There are two ways for motors in the actuator 
to turn in the opposite direction（reverse-rotation） 
and the same direction（co-rotation）， as shown in 
Fig.3. It is specified that the rotation angular fre‑
quency of the two imbalance masses is equal， and 
the vertical down and horizontal left are the positive 
directions of the y-axis and x-axis. The output forc‑
es of two imbalance masses are obtained as

Fig.1　Schematic diagram of ACSR
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F 1 = mω2 rejθ1,F 2 = mω2 rejθ2 (1)
where m is the imbalance mass， r the radius from 
the rotational axis to the center of each mass， and ω 
the rotation angular frequency of the imbalance 
masses. Then the synthetic force of reverse rotation 
Fr and the synthetic output force of co-rotation Ff are
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F r = 2mω2 r cos ( )θ1 + θ2

2 ej θ1 - θ2

2

F f = 2mω2 r cos ( )θ1 - θ2

2 ej θ1 + θ2

2

(2)

From Eq.（2）， it can be seen that the angle dif‑
ference between the imbalance masses is only relat‑
ed to the initial phase of the masses， and the angle 
sum is not only related to the initial phase but also 
to the linear function of time. In the reverse rotation 
mode， the actuator can control the direction of the 
output force， but the amplitude is always the maxi‑
mum. The co-rotation mode is just the opposite of 
the reverse rotation. Therefore， a single actuator 
cannot achieve full control of force amplitude， fre‑
quency， phase， and direction， so two actuators （A，

B） are required to be used in combination， as 
shown in Fig.4（a）.

When the reverse rotation scheme of double 
motors is adopted， it can be seen from Fig.4（a） that 
when the two actuating units coordinate control， the 
actuating forces with the same frequency， direction， 
and phase opposite actuating forces at the vibration 

reduction point to achieve the minimum force output. 
In Fig.4（b）， vibration is damped at the damping 
point M by the combined use of the two actuators， al‑
though the output force is superimposed as 0 N， 
there is a torque of M= Fa·L1+ Fb·L2 at the damp‑
ing point， and the torque changes from time to time， 
which makes the vibration damping unable to be car‑
ried out normally. The way of co-rotation mode is to 
control the amplitude of the output force first and 
then coordinate the control direction. When output‑
ting the minimum force， first control Fa=Fb=0， so 
that the synthetic torque M of the damping point is 
equal to 0， to effectively avoid the influence of 
torque in the damping process.

1. 2 Establishment of mathematical model of 
output force　

According to the above conclusion， the output 
force of two actuators placed in parallel is analyzed 
under the mode of co-rotation. Fig. 5 is a schematic 
diagram of two actuating units arranged side by side. 
F1，F2，F3，F4 are the centrifugal forces acting on the 
mass， and Fa and Fb are the output forces of the ac‑
tuating unit.

The combined force of the actuator is

Fa = 2mω2 r cos ( θ1 - θ2

2 ) ej θ1 + θ2

2 (3)

Fb = 2mω2 r cos ( θ4 - θ3

2 ) ej θ3 + θ4

2 (4)

Fig.4　Vibration damping stress analysis diagram

Fig.2　Structural diagram of electric vibration-damping 
actuators

Fig.5　Schematic diagram of parallel force analysis of two 
working platforms

Fig.3　Imbalance masses steering diagram
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By controlling the angle difference between the 
masses 1# and 2# in actuator A is equal to the angle 
difference between the masses 4# and 3# in actuator 
B， θ1 - θ2 = θ4 - θ3， the force amplitude is equal. 
The force of the multi-directional electric vibration 
damping actuator is obtained through the synthesis 
of Fa and Fb， so we have
F =

4mω2 r cos ( )θ1 - θ2

2 cos ( )θ1 + θ2 + θ3 + θ4

4 ej θ1 - θ4

2

(5)
where θ1 = ωt + φ 1， θ2 = ωt + φ 2， θ3 = ωt + φ 3 
and θ4 = ωt + φ 4. φ is the phase of the output force. 
Assume that the output force required by the system 
is

F out = F am cos ( ω* t + φ ) ejΔθ *
2 (6)

where Fam is the amplitude of the output force.
From Eq.（5） and Eq.（6）， we obtain
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ω = ω*

Δθ *
1 = θ1 - θ2

2 = arccos F am

4mω2 r

θ * = θ1 + θ2 + θ3 + θ4

4 = ω* t + φ

θ1 - θ4

2 = Δθ *
2

(7)

According to Eq.（7）， the amplitude of the 
force is controlled by the phase difference between 
the two masses in single actuator （( θ1 - θ2 ) /2 or 
( θ4 - θ3 ) /2）. The direction of the force can be con‑
trolled by the phase difference between the mass 1# 
and mass 4#. The phase of force is controlled by the 
sum phases of four masses.

2 Parameter Design and Optimiza‑
tion of Multi‑directional Vibra‑
tion Damping Electric Actuator 

According to Eq.（7）， the amplitude， phase 
and direction of force are determined by the posi‑
tions of multiple masses. The traditional position 
loop cannot meet the precise control of force. There‑
fore， the position loop cross-coupling control strate‑
gy［14］ is adopted and the system block diagram is de‑
signed， as shown in Fig.6. In Fig.6， BLDC repre‑
sents the brushless direct current motor，APR the 
automatic position regulator，ASR the automatic 
speed regulator，and ACR the automatic current reg‑
ulator.

Fig.6　Control block diagram of actuator system based on load phase difference cross coupling
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The control system includes two force ampli‑
tude position difference loops and one direction posi‑
tion difference loop. In the force amplitude loop， 
taking mass 1# and mass 2# as examples， the given 
value is Δθ *

1  in Eq.（7）， and the feedback value is 1/
2 of the actual phase difference between mass 1# 
and mass 2#. After making a difference， they are 
sent to the phase difference adjuster for calculation， 
and the given signal of relative speed is obtained. Be‑
cause θ1 - θ2 = θ4 - θ3， mass 3# and mass 4# are 
the same. Similarly， the direction loop is given as 
Δθ *

2  in Eq.（7）， and 1/2 of the difference between 
the output positions of mass 1# and mass 4# is tak‑
en as the feedback signal of the loop.

The setting of the phase average loop is θ * =
ω* t + φ， and the feedback is the average position of 
the four masses. The loop has the function of adjust‑
ing the frequency of the output force and changing 
the phase. The relationship between the given and 
feedback is shown in Fig.7. The phase is changed at 
time t1， and four motors are controlled to accelerate 
through the position loop. The actual output force 
phase is given at time t2.

2. 1 Controller stability analysis and parameter 
design　

2. 1. 1 Parameter design of inner loop of control‑

ler

For the current loop and speed loop regulators， 
which belong to the inner loop of the motor， the PI 
control can meet the loop requirements of high-fre‑
quency response. Table 1 shows the specific param ‑
eters of the driving motor used.

According to the loop parameter setting meth‑
od in Ref.［15］， the parameter results are shown in 
Table 2.

2. 1. 2 Multiple input multiple output system sta‑
bility margin　

For MIMO systems， based on the stability 
margin， the method of characteristic value of the 
feedback matrix is used to determine the parameter 
stability domain that satisfies the system phase an‑
gle margin and amplitude margin［16］. The amplitude 
margin GM and phase margin PM are expressed as

GM = -20lg ( 1 - m ),PM = 2arcsin m
2 (8)

In order to make the system have good dynam ‑
ic and steady-state characteristics， the phase angle 
margin requirements should be 50° ≤ PM ≤ 60°， 
and the amplitude margin requirements should be 
12 dB≤GM≤20 dB［17］. Through Eq.（8）， it can be 
determined that the minimum eigenvalue range of 
the return difference matrix meeting the require‑
ments of stability margin within the working fre‑
quency range of the system is （0.845 2， 0.9）.
2. 1. 3 Design of position loop parameters based 

on hysteresis matrix method　
Based on the state space method［18］， Fig.6 is 

converted into a simulation structure diagram of 
state control expression， as shown in Fig.8. In 
Fig.8， the input vector u=［u1 u2 u3 u4］T corresponds 
to Δθ *

1，θ *，Δθ *
2，Δθ *

3  in Fig. 6， and the output vector 
y=［y1 y2 y3 y4］T corresponds to Δθ1，θ，Δθ2，Δθ3 in 
Fig.6. e=［e1 e2 e3 e4］T is the control error vector； 
and x=［x1 x2 x3 x4 x5 x6 x7 x8］T the state vector， 
which in turn represents the speed and phase of the 
four eccentric mass blocks. KP1，KP2，KP3 and KP4 are 
the proportional coefficients of synchronous ring reg‑
ulators. The open-loop cut-off frequency of the posi‑
tion loop is much smaller than the reciprocal of the 

Fig.7　Input and output waveforms of output force phase 
regulation loop

Table 1　Motor parameters

Parameter
Stator winding phase resistance Rm /Ω

Stator winding phase inductance Lm/mH
Torque constant KT /(mN·m·A-1)
Speed constant Kn/(r·min-1·V-1)
Mechanical time constant Tm /ms

Rotor equivalent moment of inertia Jm/(g·cm2)

Value
0.226
0.232
71.2
134
14.2
3 170

Table 2　Controller inner loop parameters

Parameter
Current loop
Speed ring

Scale parameter
1.16
3.82

Integration parameter
1 130.34
1 090.35
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time constant of each link of the speed loop. There‑
fore， the speed loop is simplified as a first-order iner‑
tial link. For the actuator system， it is required that 
its position response has no overshoot， so the four 
synchronizing loops are all controlled by pure propor‑
tionality.

The state-space equation of the system is estab‑
lished in Fig.8， shown as

{ x̂ = Ax + Bu
y = Cx + Du

(9)

where x is the state vector in the system， and x̂ the 
differential of the state vector. u and y are the input 
vector and output vector. A， B， C， and D are the 
state matrix， input matrix， output matrix， and feed‑
forward matrix， respectively， and their formulas are 
shown as
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D = 04 × 4

The system transfer function matrix is obtained 
as

G ( s ) = C ( sI - A) -1
B + D (10)

Finally， the open-loop transfer function matrix 
of system is calculated as

G ( s )= ω cn

s ( )s + ω cn
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(11)

Then the return difference matrix of the system 
is

T ( s )= I + G ( s )=
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(12)

Assume KP1 = KP2 = KP3 = KP4 = KP， the ei‑
genvalue of T ( s ) is | λ |=

|

|

|
||
|
|
|
1 + ω cn ⋅ KP

s ( )s + ω cn

|

|

|
||
|
|
|

(13)

Fig.8　Control block diagram of multi-directional output force vibration-damping actuator system
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The premise for analyzing the stability margin 
of MIMO system by using the eigenvalue method of 
the return difference matrix is that the minimum ei‑
genvalue of the backlash matrix is known， so let s =
jω， and take the square of Eq.（13） and derivative it 

to zero to find the minimum value of | λ ( jω ) | 2when 

Eq.（14） is satisfied

ω =
KP ω cn + ( )K 2

P ω 2
cn + 2KP ω 3

cn
0.5

2 (14)

| λ ( jω ) | 2
min

= -2KP ω cn

K 2
P ω 2

cn + 2KP ω 3
cn + KP ω cn + ω 2

cn

+ 1

(15)
It is solved that the expression of the propor‑

tion coefficient of the synchronous ring concerning 
the minimum eigenvalue of the return difference ma‑
trix is

KP = ω cn

1 - || λ ( )jω
2

min

2 || λ ( )jω
2

min

(1 + 1 - || λ ( )jω
2

min ) (16)

0.845 2 ≤ | λ ( jω) |
min

≤ 0.9 (17)

Through Eqs.（16， 17）， the value range of the 
proportional coefficient of the synchronous loop reg‑
ulator is obtained as （134.05， 244.19）.

2. 2 Controller parameter optimization consid‑

ering load disturbance　

However， the load of the motor in the actuator 
system is a sinusoidal pulsating load， which leads to 
a large rotational speed pulsation of the imbalance 
mass， which affects the control accuracy of the out‑
put force. For this reason， the following will opti‑
mize the parameter stability domain based on the 
sensitivity H ∞ control theory to improve the anti-in‑
terference ability of the system.

The sensitivity function matrix K ( s ) of the MI‑
MO system is the closed-loop transfer function ma‑
trix from the interference TL to the control error 
E［19］. Suppose the H ∞ norm of K is defined as

 K
∞

= sup
ω ∈ R+

σ̄{K ( jω )} (18)

According to the definition， The H ∞ norm is 

the induced norm of the 2-norm of the system in H ∞ 
space， which reflects the maximum gain of the sig‑
nal from disturbance to control error. Therefore， 
when the H ∞ norm of the system sensitivity func‑
tion matrix K ( s ) is smaller， the influence of exter‑

nal disturbance on the system control error is small‑
er.

According to Fig.6， the control block diagram 
of the transfer function from the disturbance to the 
control error is obtained， as shown in Fig.9. In 
Fig.9， TL=［TL1 TL2 TL3 TL4］T is the system distur‑
bance input vector， and Es=［e1 e2 e3 e4］T the control 
error vector. The intermediate variable vectors are 
A=［a1 a2 a3 a4］T，B=［b1 b2 b3 b4］T，C=［c1 c2 c3 c4］T，

D=［d1 d2 d3 d4］T，N=［n1 n2 n3 n4］T，θ=［θ1 θ2 θ3 θ4］T，

Y=［y1 y2 y3 y4］T. Since the load pulsation is includ‑
ed in the speed loop， in order to simplify the analy‑
sis， the speed filter link and the current loop are 
equivalent to the first-order inertia link.

The sensitivity function matrix K ( s ) of the 2-D 

output electric vibration-damping actuator system is
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(19)

Fig.9　Block diagram of active vibration control system 
based on servo control strategy
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n = KP Knp KT( )1 + τn s
2( )TΣn s + 1 τn s

(20)

Use MATLAB to draw the maximum singular 
value curve of K ( s ) under different KP， as shown in 
Fig.10（a）. It can be seen that the H ∞ norm of the 
system sensitivity function K ( s ) is small， which 
means that the system has good dynamic perfor‑
mance and steady-state performance.

The step given disturbance value 1 is used to 
simulate the sudden change of the system load 
torque at 0.1 s， and the simulation waveforms under 
different KP are obtained as shown in Fig.10（b）. 
Under different KP， the error of the synchronization 
loop after the system is disturbed by the load is 
small. However， if KP is too large， the setting time 
will be longer and overshoot will occur. In order to 
make the system take into account the rapidity， 
KP =150 is finally selected. At this time， the sys‑

tem amplitude margin based on the feedback matrix 
eigenvalue method is 19.26 dB and the phase angle 
margin is 52.92°.

3 Helicopter Active Vibration Con‑
trol System Based on LMS 

3. 1 Modeling of active vibration damping con‑
trol system　

Because the controlled object has variable struc‑
ture， time-varying parameters， and various uncer‑
tain factors， it is difficult to establish the mathemati‑
cal model of the whole vibration elimination control 
system， making it difficult to accurately control 
each actuator group in real-time. In order to solve 
the problem of the optimal weight of the output coef‑
ficients of each actuator group， the x-LMS algo‑
rithm proposed by Widrow and Burgess can quickly 
iterate in the adaptive filter to make the weight coef‑
ficients reach the optimal solution［20］.

Fig.11 shows the schematic diagram and corre‑
sponding control block diagram of the helicopter ac‑
tive vibration control system based on the x-LMS al‑
gorithm.

The input vector X ( n ) in Fig.11（b） represents 
the main rotor excitation force in Fig.11（a）. P ( z ) is 
the main control channel transmission from the main 

Fig.10　Maximum singular value curves and unit step 
response under different KP

Fig.11　Helicopter active vibration control system based 
on x-LMS algorithm
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rotor to the infrastructure （usually referring to the 
cockpit of the pilot） in Fig.11（b）. d ( n ) is the exci‑
tation response of the main rotor excitation force on 
the foundation structure. W ( z ) is an adaptive digital 
filter， mainly including a high-order filter and a 
multi-directional vibration damping electric actuator 
control system， etc.y ( n ) is the output of the multi-
directional vibration damping electric actuator con‑
trol system. S ( z ) corresponds to the error channel 
transfer function from the electric actuator to the in‑
frastructure in Fig.11（a）. Ŝ ( z ) is the digital model 
of the actual error channe. X *( n ) is the output of the 

digital model Ŝ ( z ). e ( n ) represents the superposi‑
tion response of exciting force and actuating force on 
the foundation structure.

The basic principle of a helicopter active vibra‑
tion control system based on the x-LMS algorithm 
is to minimize the mean square value or average 
power of error signal e ( n ) to continuously optimize 
the adjustable weight vector of the adaptive digital 
filter W ( z ). The actual physical meaning is to ad‑
just the weight vector so that the vibration force at 
the infrastructure is 0 N.

Define the input vector X ( n ) =

[ x 1，x2，⋯，xn ] T. The weight vectors of the adaptive 

digital filter W ( n ) = [ w 1，w 2，⋯，w n ] T and the er‑

ror channel S ( n ) = [ s1，s2，⋯，sn ] T
， the output of 

the controller， and the error signal on the infrastruc‑
ture can be expressed as

y ( n ) = ∑
i = 1

n

wi xi (21)

e ( n ) = d ( n ) - ∑
k = 1

n

wk∑
i = 1

n

si xi (22)

Let x *
n = ∑

i = 1

n

si xi， Eq.（22） can be expressed as

e ( n ) = d ( n ) - X *( n )W ( n ) (23)
The goal of adaptive control is to minimize the 

mean square value of the error signal. The perfor‑
mance function is defined as J=E｛e2（n）｝， which 
can be further expressed as
J = E{d 2( n ) }+ W T( n ) RW ( n ) - 2V TW ( n ) (24)
where R=E｛X*（n） X*T（n）｝， V= E｛d（n）X*（n）｝. 

To find the optimal weight vector， it is necessary to 
take the partial derivative of W（n） and make it 
equal to 0 and assume that the correlation matrix R 
is nonsingular， so we have

W opt = R-1V (25)
Generally， the principle of the steepest descent 

method is used to search and finally reach or approx‑
imately reach the optimal weight vector W opt， and 
the iterative formula of weight vector can be ob‑
tained as

W ( n + 1) = W ( n ) + 2ke ( n ) X ∗( n ) (26)
where k is the convergence factor that controls the 
convergence speed of the adaptive process， and 
Eqs.（21，23，26） constitute the entire filtering x-

LMS algorithm.

3. 2 Vibration reduction simulation verification 

of active vibration reduction control sys‑

tem　

To verify the vibration reduction effect of the 
active vibration control system based on the LMS al‑
gorithm. The MATLAB / SIMULINK model and 
simulation are carried out. Fig.12 shows the simula‑
tion model of the active vibration control system.

Amplitudes of all output forces in the following 
waveforms are standardized. The simulation wave‑
form is shown in Fig.13. Before the vibration reduc‑
tion， the vibration force amplitude collected by the 

Fig.12　Simulation model of active vibration damping 
control system based on x-LMS
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sensor in the simulation model is 0.33， and the ac‑
tive vibration control system is switched in when the 
time is 1 s. It can be seen that the vibration force am ‑
plitude collected by the sensor decreases rapidly to 
around 0.026 7 and remains almost unchanged， and 
the vibration reduction efficiency reaches 91.75%， 
which meets the requirements of the system vibra‑
tion reduction level.

4 Experimental Verification of 
Multi‑directional Vibration 
Damping Electric Actuator 
System

4. 1 Experimental platform　

The experimental platform of the multi-direc‑
tional vibration damping electric actuator control 
system is shown in Fig.14， which is divided into a 
force measurement experimental platform and a sys‑
tem vibration-damping experimental platform.

4. 2 Experimental results　

4. 2. 1 Variable force amplitude experiment　

When working at 21.6 Hz， the output force am ‑
plitude is changed from the minimum force to the 
maximum force， every 10% of the nominal force. 
The experimental waveform is shown in Fig.15 and 
the data statistics are listed in Table 3. According to 
the data in Table 3， the dynamic setting time for a 
10% change in the output force amplitude of the 
nominal force does not exceed 1 s.
4. 2. 2 Change direction experiment　

The waveform of the output force changing 

Fig.13　Vibration reduction simulation waveform of active 
vibration elimination control system

Table 3　Dynamic variation datasheet of output force 
amplitude

Command

0.5
0.6
0.7
0.8
0.9
1.0

Measured
value
0.501
0.608
0.696
0.809
0.904
0.996

Amplitude
error/%

0.20
1.39
0.62
1.16
0.41
0.37

Response
time/s
0.92
0.68
0.57
0.53
0.49
0.45

Fig.15　Experimental waveform diagram of output force am ‑
plitude change

Fig.14　Experimental platform diagram of multi-directional 
vibration damping electric actuator control system
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from 45° direction to horizontal direction is shown in 
Fig.16， where red represents the horizontal compo‑
nent and blue represents the vertical component. 
The dynamic performance is analyzed by changing 
the output force direction from 45° to the horizontal 
direction below. The dynamic setting time is 0.74 s， 
and the dynamic response time is less than 1 s.

4. 2. 3 Phase change experiment　

Experiments were conducted to change the 
phase of output force to 30°， 60°， 90°， and 120°， 
and the waveforms of 60° and 120° are shown in 
Fig.17.

Statistical data of phase-changing experiments 
are listed in Table 4. From Table 4， it can be seen 
that the maximum steady-state error of the output 
force changing phase experiment is 5.5° ， and the 
maximum dynamic response time is 0.92 s. The dy‑
namic and steady-state performance is good， and it 
can well follow the given phase value.

4. 2. 4 Multi‑directional vibration reduction ex‑

periment of the system　

To verify the multi-directional vibration damp‑
ing performance of the active vibration control sys‑
tem， the vibration force with a frequency of 
21.6 Hz， a force amplitude of 0.33， and a vertical 
direction and a horizontal direction is generated by 
the vibration exciter. When the shaker reaches the 
rated operating point， it starts to run stably. The ac‑
tuator is cut in and the acceleration data of the accel‑
eration sensor are collected as shown in Fig.18.

Fig.18 shows the vibration damping wave‑
forms in the vertical and horizontal directions respec‑
tively. It can be seen that the vibration level of the 
experimental platform is about 0.65g before the actu‑
ator system is cut in. When the actuator system is 
cut in， the vibration level of the experimental plat‑
form drops to around 0.05g， and the vibration-damp 
efficiency reaches more than 90%， which meets the 
requirements of the body vibration level of the 
fourth-generation helicopter.

Fig.16　Experimental waveform of 45° change of output 
force direction

Fig.17　Phase change experiment waveform

Table 4　Dynamic variation datasheet of output force 
amplitude

Phase
command /(°)

30
60
90

120

Phase
change /(°)

28.80
63.83

-81.37
-60.00

Adjustment
time / s

0.61
0.92
0.69
0.59

Steady‑state
error /(°)

1.40
0.70
5.50
1.63
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5 Conclusions

Aiming at the vibration problem of helicopter‑
ing， an active vibration damping electric actuator 
system based on the LMS algorithm is proposed in 
this paper. The following conclusions are obtained：

（1） By comparing the torques of two motors in 
a single actuator in the same direction and the oppo‑
site direction， the scheme of the same direction rota‑
tion was established. The mathematical model of 
multi-direction output force is derived by placing ac‑
tuators in parallel. It can meet the functional require‑
ments of variable amplitude， frequency， phase， and 
direction of output force.

（2） For the synchronization loop with a cross-

coupling effect， the feedback matrix eigenvalue 
method of the MIMO system is used to determine 
the parameter stability range that meets the require‑
ments of amplitude margin and phase angle margin， 
and then based on the sensitivity function and input 
tracking performance， the optimization is carried 
out in the parameter stability domain， and finally， 
determine the parameters that make the system take 
into account both good dynamic and steady perfor‑
mance and anti-interference.

（3） A helicopter active vibration damping con‑

trol system based on LMS is designed， the system 
is modeled and the vibration reduction effect of the 
system is verified by MATLAB simulation.

（4） The designed parameters are used to mea‑
sure force and eliminate vibration of the multi-direc‑
tion output force electric vibration damping system， 
and the damping effect of the system， as well as the 
response and robustness of the parameters， are veri‑
fied.
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基于 x‑LMS算法的直升机主动消振电力作动器系统研究

郝振洋， 杨 健， 张嘉文， 曹 鑫， 王 涛
（南京航空航天大学自动化学院, 南京  211106, 中国）

摘要：直升机前飞时，气动环境会导致不同方位角的桨叶出现气动载荷的瞬间不对称，通过基础结构传递会在机

身形成大幅度的低频振动。为了消除多方向幅值变化的振动力，利用结构响应主动控制原理，设计了基于

x‑LMS 算法的主动消振电力作动器系统，并进行了减振实验。首先，通过比较确定了单台作动器中两台电机同

向旋转的方案。通过两台作动器的组合使用，推导出输出力的数学模型。其次，采用负载相位差交叉耦合的控

制策略设计系统控制框图。针对存在耦合的相位外环，通过回差阵特征值法确定满足系统稳定裕度要求的参数

范围，再根据灵敏度函数和输入跟踪性能在所得的参数稳定域内寻找最优解。然后，提出了基于 x‑LMS 算法的

直升机主动振动控制系统，并通过仿真验证了该系统的减振效果。最后，研制的实验样机进行了动稳态实验以

及减振实验，验证了系统的实际减振效果。

关键词：结构响应主动控制；消振电力作动器；回差阵特征值法；x‑LMS 算法
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