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1 Abstract 

An active control technique has been developed for the elimination of 
the helicopter vibrations. Potential applications of this technique, which 
has been tested in an experimental rig, also exist.A control strategy and an 
on - line identification algorithm have been developed with stability ro
bustness criteria in order to implement the vibration isolation system. 

Redundancy management is very important, because it will make the 
active control system for the vibration elimination ultra - reliable. Three 
planes of fault detection, isolation and reconfiguration are suggested. These 
planes include a generalised likelihood ratio test, majority voting algo
rithms and electro hydraulic servovalves and actuators with adequate hard
ware redundancy. Such a system will minimise also any problems related to 
the airworthiness issue. 

2. Introduction 

The helicopter vibration problem is very important and an active con
trol technique was developed in order to reduce the rotor - induced vibra
tions[!). Some other applications of this technique include vibration con
trol of submarines and military aircraft. The analytical and simulation 
results have shown 100% vibration isolation. The simplicity and the effec
tiveness of this technique were successfully demonstrated on an experimen
tal rig, where vibration reduction levels of up to 80% were achieved. The con
trol method and the identification algorithm proved to be robust with 
respect to various system perturbations i.e. system parameter changes. Sta
bility robustness criteria were set for the vibration isolation at the blade 
passing frequency and its harmonics. These criteria provided the necessary 
conditions for the on- line convergence of the parameter identification al
gorithm. 

But still the performance of the system depends on the normal (error 
free ) operation of several other factors. Problems created by these factors 
include sensor failures, loss of hydraulic power, actuator hardover or even 
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one or more actuators out of condition. Therefore the redundancy manage
ment is imperative for the normal operation of an active vibration isola
tion system. Its obj ectlve is to ensure that an ultra· veliable active control 
system for the vibration reduction is achieved. The redundant information 
i.e. sensors, microprocessors, controllers, filters can be provided by two ex
tra channels for each isolation unit used.' Three planes of fault detection, 
isolation and reconfiq uration are suggested. The first plane is at the sensor 
level and verifies the validity of the sensor data. This detection and isola
tion can be accomplished using a generalised likelihood ratio test. This test 
uses parity equations, which are linear combinations of sensors. The second 
plane is designed to detect and isolate any Inaccurate implementation of the 
control law. It engages majority voting algorithms where each channel ex
changes the data with the other two channels. Finally the third plane in· 
cl udes a triplex electrohydraulic actuator in a mid· value redundant config. 
uration. The introduction of this redundancy management system is 
necessary not only for reliability and fault tolerance purposes, but also to 
overcome all the control system airworthiness related problems. 

3. Concept and principle of the.Active Control Technique. 

The proposed Active vibration isolation technique is universal and it 
can be described as a nodalisation technique. There is a set of isolation 
units placed between the gearbox and the fuselage. Each isolation unit con
sists of an electrohydraulic servoactuator in parallel with an elastomeric 
unit. Using the appropriate control law the actuator forces oppose the eq uiv
alent spring forc::es to create a node, or a point of zero vibration motion at 
the airframe attachment point. Therefore if there is no transmitted force at 
a node, the fuselage will not vibrate. The principle is similar to the well 
known Nodalisation method [21 except the fact that the node is now created 
by active means. 

The helicopter which was investigated was the Westland W30 · 100 
type. This was scaled down to a 1/16 scale model. This model is shown in 
figures l.a and l.b. It consists of two parts. The upper part is rigid and rep· 
resents the engines, the gearbox and, the raft. The lower part represents the 
fuselage. The fuselage and the raft are connected by a set of isolation units. 
The system is symmetrical about two vertical planes (x-z) and (y-z). These 
planes intersect each other along the central suspension of the structure 
(fig 2). 

4.Control theory for the Vibration Isolation 

It Is well known that the more significant vibration levels are those 
created by rotor dynamic effects [3]. These vibrations occur at discrete fre
quencies, the blade passing frequency and its harmonics and generally in· 
crease in magnitude with the airspeed and the rotor blade angle of attack in
crease. Their frequencies, usually are ranging from about 10 to 50hz and 
directly depend on the rotor speed 0 and the number of blades b. The blade 
passing frequency is the product of the number of blades b and the rotor 
speed 0. · 

The proposed control theory achieves two results [4] a. Rejection of si
nusoidal disturbances due to the blade passing frequency (21.6 hz) and its 
harmonics {43.2 hz, 64.8 hz,e.t.c.) b. Rej ectlon of constant disturbances dur· 
tng sudden manoeuvres. These obj ectlves are achieved using a simple stabil· 
isatlon theory which is preferred to an optimisation theory. In order to ful-
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fill the above design objectives the control force U(s) must have the form 

U(sJ=[ G21!sJ GJ3PF (s) [ GHoclsJ+G0(s)+Gcoc(sJ] + Gu(s) G3(sJ] A(s) 

where 
A(s) Is the relative displacement between the transmission and the fuselage 
U(s) Is the control force provided by the actuators, 
Gu(s) and G21(s) depend on the servovalve/actuator modelling, 
Go(s) and G3(s) depend on the applied feedback and they are related to the 
stability of the overall system, 
GspF(s) Is acting as a feedback dynamic compensator and Its presence Is dic-
tated by the demand for arbitrary pole placement. Physically It is represent
ed by a bandpass filter (BPF) wich is preferred to a notch filter and it is very 
crucial for the disturbance rejection at the frequency of Inter
est, 
GHoc(s) Is the transfer function of the harmonic disturbance conpensator 
(HOC) responsible for the rej ectlon of sinusoidal disturbances. Physically it 
is implemented by a proportional- derivative controller. 
Gcoc(s) represents the transfer function of the Constant Disturbance Com
pensator (CDC) and Its purpose Is the rejection of constant disturbances 
during manoeuvres and landing. It is implemented by an integrator, 
s is the Laplace operator. 
The ratios of the relative displacement versus the disturbance force and the 
transmitted force Fu(s) versus the disturbance force Fdi(s) take now the 
form [ 1) 

A 1(s) 1/m 

F di (;j mR/ms2+Kp+Cps+G2i (s)GBPF(sl~oc<sJ+Gcoc<sJ+G0(s)+G11 (s)+G3(s) 

( 1) 

and 

F ti (s) _ 1/m{ K0+C0s+G21 (s)GspF(s)[GHoc!sl+Gcoc!sl+Go(sli+G11 (s)G3 (s)) 
- 2 F di (s) mR/m s +Kp+Cps+G21 (s)GBPF(s)[GHoc!sl+Gcoc!sl+Go(s)J +Gu (s) G3(s) 

(2) 

where 
m is the dimensionless term l+mRimF 
mR is the equivalent rotor mass 
mF is the equivalent fuselage mass 
Kp• Cp are the stiffness and damping coefficients of the elastomeric 
unit. 
The harmonic disturbance controller has the form 

(3) 

Where K0 p and C0 p are the optimum proportional and derivative coeffi
cients respectively. Therefore by equating the numerator of eq uatlon 2 to 
zero and solving versus the parameters of the HOC the criterion (a) is always 
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guaranteed. In practice these parameters can be estimated on line with an 
identification algorithm whose general characteristics are shown in fig. 3. 
The rejection of constant disturbances is achieved by selecting a controller 
of the form 

as can be easily verified from equation 1. 
Ku is a suitable constant gain. 

(4) 

Figure 4 illustrates the instrumentation used for the implementation of the 
control strategy. 

5. Simulation Results 

Fig 5 shows the transmitted force versus the excitation force (lOOON) 
after the application of control. Fig 6 shows the transmitted force versus 
the excitation force without the application of the control force U(s). Fig 7 
shows the excitation during sudden manoeuvres corresponding to Sg within 
lsec. The system response is shown in fig 8. The relative displacement tends 
to zero after 0.6 sec. Fig 9 shows the excitation of the system in 3 different 
vibration levels within 1 sec. After the application of control the isolation 
is 100% and the transmitted force is shown in fig 10. The frequency re
sponse of the system is shown in fig 11 where the vibration isolation is in 
excess of 90dB for the blade passing frequency and its first harmonic. Fig 12 
shows the convergence of the on- line ideuttfication algorithm to the opti
mum controler values. 

6. Stabllity Robustness Criteria applicable to the helicoPter vibration envi
vonment 

The system design must also take into account some other factors which will 
guarantee that sufficient vibration isolation takes places under the exis
tence of some unpredictable effects. These effects can include: 
a. Perturbations which can lead eventually to insta,bilities and as a conse
quence to the destruction of the vibration isolation system. 
b. Insensitivities to parameter variations which might lead to the noncon
vergence of the identification algorithm to the optimal solution. As a result 
the system will not only have inadequate levels of vibration isolation but 
also there is a possibility of an instability of the overall system. Therefore 
the system must be structurally robust in order to avoid any stability relat
ed problems. This robustness can be found quantitively if either multiplica
tive or additive perturbations aG(s) are considered [51 
For a multiplicative perturbation ilG(<.v) the closed loop feedback system 
will remain stable if aG(<.v) is stable and 

1 

II a GU wJII < 
for all <.v(5) 

Also for an additive perturbation ilG(s) the closed loop system will remain 
stable if AG(s) is stable and 
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1 

lb.G Ow Jl <:---------
nu +GO w> 1 - 1 11 for all w (6) 

Where GO WI is the open loop gain matrix,and II . II corresponds to the 
spectral norm of a matrix, I is the unity matrix. The multiplicative and ad
ditive feedback configurations are shown in figures 13.a and 13.b. There is 
no need to apply the above theorem for broad band frequencies of the hell
copter vibration problem, but only for the blade passing frequency and its 
harmonics. Hence for the multiplicative case 

1 

llb.GOnwblll <------
lhi+GO nwb I -l I -Ill 

and for the additive case 

1 

and wb is the blade passing frequency. 

where n=1,2, ... (7) 

where n= 1,2, ... (8) 

When the spectral norm of the perturbation frequency response is always 
less than some value, stability is maintained and the convergence of the on
line identification algorithm is secured. The identification algorithm en
sures that there is no need for the exact system model and the accurate 
knowledge of the system parameters is not necessary. 

The application of the small gain and phase theorems can also give an 
answer to the stability robustnes demand for the frequency range [0,2wb I 
and [2Wb,oo]. From fig 11 and taking into account [6] 

1 1 

Sup &m(Wb)<----- =-------- =4.57•10- 5 

wb 21837 

for the blade passing frequency and 

1 1 

Sup &m(2Wb) <:------ = ------- =1.58•10 -4 

2Wb 6307 

for the first harmonic of the b.p.f. 
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Where &1S&2s ... &m(<.v) are the principal gains of AG(jw) and <X1<<X2< ...... <Xm 

(W) are the principal gains of [I+G(jwJ- 1r 1. 

The structured singular value p(G) can also be used for the helicopter 
vibration isolation problem. The reason Is that there is a desired perfor
mance objective and a set of possible external input signal like disturbanc
es and setpoints. It is defined at each frequency (blade passing frequency 
and its first harmonic) such that .u- 1(G) is equal to the smallest <1 (AG) 
needed to make l+li.G singular where <i(li.Gl denotes the maximum singular · 
value of the perturbation. p(G) depends on the matrix G and the structure of 
the perturbations .1G[7). 

7. Redundancy Management for the Vibation Isolation System. 

If the robustness criteria set in the previous section are not met fol
lowing component failures or unexpected changes in operating conditions, 
the performance of the active vibration isolation system will be degraded. 
Also the trend in many dynamic systems is towards more complexity to 
meet higher levels of performance. Such systems require increasing levels 
of reliability through redundancy. Therefore in order to. maintain the high
est level of performance it is Important that any faults be prom ply detected 
and isolated. The next step will be then the remedy action( reconflguratlon) 
and the normal operation of the vibration isolation system. Active redun
dancy is suggested through three parallel channels corresponding to each 
Isolation .unit. Triple redundancy of all channel components in order to 
make the system two -fail operative. The redundant information Includes 
outputs from sensors, filters, microprocessors, controllers, which are phys
ically segregated from each other in order to remove any possibility of in
ter-. Jane fault propagation. There are three sections which are very critical 
for the normal operation of the active vibration system. These sections re
quire correct sensor data, accurate Implementation of the control law and 
optimum servoactuator outputs respectively. 

7 .a First Plane of fault- detection and Isolation 

The failure detection- isolation confiquration for the first plane is 
shown In fig 14. There are three similar sensors which are combined in 
three pairs. Each pair measures the difference of the two sensor outputs and 
provides the residual state necessary for the Implementation of the Gener
alized Likelihood Ratio Test ( GLRT l. The residuals used are the innova
tions generated by the Kalman - Bucy filter . These Innovations are the 
differences between the measured sensor residual outputs y(t) and the 'eSti
mates obtained by the Kalman filtering. That is 

e(t) =ei (t) - ej (t) = 

y (t) -c ~(t/t-1) (9) 
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Where ~i (t/t-1), ~j(t/t-1) are the Kalman estimates of the sensors i and j 
respect! vely, 

~ (t/t-1) = ~1 ( t/t-1) - ~j (t/t-1) is the residual state 
Yi { t), Yj {t) are the sensor outputs i andj respectively. 

The sensor faults are considered stochastic because they are indicated by 
jumps occuring at random intervals with random amplitudes. The test 
uses two hypotheses: Ho is the null - hypothesis or no jump hypothesis and 
H1 ts the hypothesis under which a jump has occured indicating a faulty 
sensor . The residual can be also expressed in the form : 

e(t) =G( t,O) v + y 1 (t) (10) 

where G depends on the measurement matrix and the state transition ma
trix 

'Y 1 \ 
v 
0 

occurs. 

is a zero mean white noise 
is the unknown size of the random jump 
is an unknown positive integer which assumes a value If a jump 

The method used in [ 9 I can be directly applied for the innovations of equa
tion ( 9 J • The likelihood ratio test will be of the form : 

A 

H1 

l(t.~(t)] ~ E 

Ho 
(11) 

Where O(t) Is the maximum likelihood estimate of 9 . If the three GLRT 
fulfill the null hypothesis or lij < E ,ljk < e, and 1 ki <E, where l,j and k co-

respond to the i,j ,k sensors respectively and E is the threshold level, then all 
the sensors provide the correct data. Hence there is not any discruptlon to 
their normal operation if a jump is detected, then a sensor is faulty i.e 
there is azero output, or a bias. This means that two of the likelihood ratios 
will be greater thanE i.e lj k > E and lki >E. It is obvious that the faulty sen
sor is the sensor k, which is isolated immediately. The output of this' sensor 
is replaced by the average value of the rest two error free sensors. 

7.b. Second nlane of detection and Isolation. 

The vibration isolation system includes three controllers interfacing 
with the three microprocessors via a majority voting node (fig 14 ). The.im
portance of the plane is highl1ghted by the fact that the optimum values of 
these controllers are very crucial for the correct implementation of the con
trol law. The microprocessors send the computed optimum values to the con
trollers and exchange them with the rest processors in a cyclic way. The 12 
bit digital values created by the residuals are running in a maj orlty voting 
system. Three parity equation residuals exist which are digitally cross
linked so that each processor has one redundant source of information. The 
pattern of the parity equations is very simple and effective. It compares the 
difference of any two like processor outputs to an optimal threshold level. 
This optimal threshold should be related to the noise properties, modelling 
errors and the parameter uncertainties, of the system. The parity equations 
have the form : 

P1n=Y1n-Y2n (12) 
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P 2n = Y 2n - Y 3n ( 13) 

(14) 

Where P 1n, P 2n• Psn are the residuals andY ln ,Y 2n• Y Sn correspond to the 
optimum controller values. When there is an inaccurate implementation of 
the control law the parity equations involving It will be violated, whereas 
those excluding it will still hold. The failure detection is achieved if the 
parity eq uatlon residual P mn is greater than the threshold F th and is reset 
to zero otherwl se. · 

( 15) 

= 0 otherwise 

The faulty controller is identified if the Boolean variable Lmn is one 

(16) 

( 17) 

(18) 

The selected signal at the node is mechanized to output three identical sig
nals in all channels to drive the harmonic- disturbance compensators. The 
controller outputs pass through three identical BPF which are linked to the 
servo amplifiers. 

7.c. Third plane of fault detection and Isolatlon. 

This plane includes hardware redundancy exclusively. There is a trip
lex electrohydraulic servoactuator which Is double fail operative. It will 
continue to work satisfactorily after any two failures which might be loss 
of function of any element within the servoactuator,loss of command signal 
to the servoactuator, or an erroneous hardover electrical command. The 
electrohydraulic servovalve has three coils each of which is driven by one 
of the electrical signals provided by the bandpass filters (fig 14 ). If one coil 
current goes hardover, the high gain of the electrical feedback from there
maining good channels will limit the actuator output transient until the 
channel is shut down. This is a mid- value system preferred to a majority 
voting system because it will not be affected by any single failure like a 
hardover or a channel drift. The hydraulic outputs from the three servo
valves are flow summed at the triplex actuator. 
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8. Conclusions. 

An active vibration isolation system for a helicopter has been devel
oped. This system provided 100% vibration isolation under normal flight 
and zero deflection during manoeuvres. Stability robustness criteria were 
set for the system in order to guarantee that the design objectives are ful
filled always. The introduchion of the redundancy management configura
tion is evident not only for better reliability and fault tolerance purposes. 
but also to minimise any problems related with the more stringent air
worthiness issues. 

Further improvements to the system performance can be achieved by 
adopting the expert system approach [8[ and by applying higher level lan
guages (Ada) [10 ). 
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