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Abstract

Due to adopting redundant actuation system, force-fight phenomenon appears, @n
aileron’s plane, which would accelerate the fatigue of rudder surface materi
power. Effective measures must be taken to reduce or eliminate this phenomen
basis of analyzing the control structure of aileron, precisely modeling the ¢
and taking system’s nonlinear links into account. The C& ness of the

| system,
is verified
by experiment. Then control strategy of reducing the fi -force is cOpsidered from two
aspects of both static and dynamic. The method e for(éstyi ibrium with pure

integral part is to use the integral of each chan ressuyéNiffeyential to compensate
esults&gr that this method can

the displacement control signal; The 5|m ion

basically eliminate static fighting- force r to re%e he fighting-force during
dynamic process at the same time, adop ePIDc ler for force equilibrium on
the basis of static policy. This method ealiz t |splacement compensation during
the dynamic process. The S|mula ults , after adopting the PID control
strategy, the static fighting- for e ellmyx ba5|cally, and the dynamic fighting-

force can be reduced by abo

Keywords: force- flght n@near mo@rce equilibrium, control strategy

1. Introductlo

(that is mul gle ste ear driving a comprehensive shaft) which are used on
aircraft and s e veh|§( called force-fight phenomenon [1, 2]. Redundant steering
gear is the key com of the flight control system. In order to improve system’s
reliability and sec usually adopt 2 or 3 actuators to control the rudder surface
simultaneously. discrepancy of pipe’s length, the error accumulation caused by
manufactuge and stallation and long time working wear of actuators and servo-valves
will both the difference of the output displacement between actuators which will
fatigue of rudder surface material, reduce the service life, and increase the
lo rgy, so it is necessary to balance the actual force between channels to ensure
t@ting-force is affordable and reduce the adverse impacts on the control surface[3-
5]. Boeing-777 adopts the differential pressure sensors to transmit fighting-force signal to
the instruction level to equilibrate the force to reduce fighting-force [6]. In F/A-18 the two
channels share a master control valve, this kind of design can ensure the synchronization
of the two actuators by controlling the precision of the valve core [7]. In Su30 a throttle
valve is used to connect the two cavities to reduce fighting-force [8]. This paper studies
the fly-by-wire control system of aileron plane which adopts the SHA method to control
actuators, On the basis of analyzing the control structure of aileron, precisely modeling
the control system, the fixed stiffness of actuator and connective stiffness between rod
and rudder surface are taken into account in this model, and the pressure loss of all pipes
is also considered [9-13]. The test results show that this model can reflect the working
process of actual system precisely. In order to reduce fighting-force, the control strategy
is considered from two aspects of static and dynamic respectively. The static force-fight
strategy adopts the integral of the force as channels’ displacement compensation signals

Cross I|nk‘II terfe p blem between channels of redundant steering gears
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[14, 15]. This method is proved to be effective in eliminating static fighting-force. To
reduce the dynamic fighting-force, using PID controller instead of pure integral part to
adjust the dynamic performance, this method can effectively reduce the fighting-force
during dynamic process.

2. Structure Diagram and Working Principle

Fee

O °
b@
Figure 1. Structure Diagram

In Figure 1, ti@ier control system is a dual channel SHA system. The input voltage
signal is C(%;tg to corresponding current signal in FCC to control the output flow rate

of the serv@-Vi@lve and thereby pressure differential is produced between two cavities to
b der surface. The two actuators has feedback channel respectively. The

isplacement signal is transmitted to the input terminal through sensor and
%ed with the given voltage signal to obtain a new voltage signal to adjust the flow
rate of servo-valve to ensure rudder surface’s rotation angle is basically the same as the
expectation. The fighting-force is defined as the difference of the output force the two
actuators.

drive
pi
co

3. Mathematical Model

3.1. Flow Equation of Servo-valve

The dynamic characteristic of electro-hydraulic servo-valve is usually expressed in
transfer function during the analysis and design of electro-hydraulic servo system. From
the practical perspective, the complex function can be generally simplified to a second
order oscillation link. In this paper the function of the servo-valve is presented as:
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Where x, is the displacement of valve core; i is the input current; o is the
natural frequency of the servo-valve; ¢ is the damping ratio; «_, is the displacement
gain.

The parameters of the servo-valve are as follows: the rated supply oil is 2impa,
the rated current is+ioma , the rated flow rate iseoL/min , the natural frequency
is200rad /s, the damping ratio is 0.7, the maximal displacement of valve core is
0.57mm, and the displacement gain is 0.057. .

The flow equation of servo-valve can be obtained in equation (2) accorQiWhe

above analysis:

[
|
| p
j (2)
| 2
| Q,=¢c,wx,, |— pz =Cc W
|
l c} 0
Where qQ,,Q, is the input Q;{ﬁut rox&\ of servo-valve respectively, w
the gradient area of servo-v
3.2. Continuity Equat ctuat \
The asymmetrl or is ted for one cavity has a piston rod and another
one has not so ectl of the two cavities is not the same, the actuator
work in two S s show in ure 2.

<

,53’

Figure 2. Working Diagram of the Actuator
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The continuity equation of actuator is presented as:

( dxm (X + Xm)A dp“
Q11:A1 + +C|p(p11 p12)+cep(p11_p0)
J dt E, dt 3)
| qu (on — Xy ) dplz
Q12:A2 - +C|p(p117plZ)icep(p12ip0)
| dt E, t
Where p, the pressure of left cavity, p, is the pressure of right cavity, q,, is the flow

rate which flow into the left cavity, @, is the flow rate which flow out from the right
cavity. A is the effective area of head port, A, is the effective area of rod port . x,, is the
initial displacement of head port, x,, is the initial displacement of rod port, c_and c_
are the internal and external leakage coefficient respectively , ey is the OM of
volume elasticity. x,, is the displacement of the rod. %’

t

In the course of work the head port is hinged-suppo Sd cause fixgd stiffness

between the fixed point to cylinder is considered, the y have certain

deformation during the dynamic process which mea body itself has

certain displacement and it is set tox_, so the rod@y em trel ¥e to the cylinder is
as:

setto (x, - x,), SO the contlnuny equatlon is expres

( dx,, — x ( + Xy~ X, }A %
J Q, =A ——4 2 +C.,,(pu\,z +Cop (P = Po)
|

dt

4
Q,=A, Lo Xa :&”&%\ P N\pu— P) = Cop (P = Py) ¥
uatlo \

3.3.1. Equilibriu ion of ;:ston Rod The output force of piston rod that is the

pressure differenti ties should be balanced with the load force, which
including th orce of ro load, viscous damping force, friction and elastic load
force which used deformatlon of the piston rod . The dynamic equilibrium
equation of piston rod i%sented as:

( d?x d(x, — X
J M- p,A, =m, 2.B (X 01)+f + f
2 t sl L
( dt dt (5)
Q\ f,=(x, = x)K,,

@ m, is the equivalent mass of both piston and load, B, is the viscous damping
co ent of piston and load, « , is the joint stiffness between piston rod and load, f, is
the frictional resistance of piston rod.

3.3.2. Equilibrium Equation of Cylinder: The force applied to the actuator cylinder
include the hydraulic pressure of the two cavities, the inertia force of the cylinder,
viscous damping force and the force caused by the deformation of the hinged-supported
part. The equilibrium equation of cylinder can be expressed as:

d’x,, d(x,, - X,)
P, A - PLA, = -m, dt - Bt dt - Kslxcl (6)

Where: m_is the mass of cylinder, k , is the stiffness where the cylinder is hinged-
supported.
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3.3.3. Equilibrium Equation of Rudder Surface: The system has two inputs, servo-
valve’s current input and the air load torque T, , the output is the rotation angle of the

rudder surface ¢ , the control surface is in rotation motion and the rod is in linear motion,
in order to simplify the calculation, the rotation angle can be equivalent to displacement
x,, and the air load torque can be equivalent to load force r,_, and under the precondition

of the push and pull displacement of the piston rod is very small, x, and F_are
proportional to ¢ and T, respectively. The equivalent mass of the rudder surface is
proportional to its moment of inertia 3 which can be expressed as:

m =k"J )

Where: k is defined as the ratio of maximum rotation angle of the rudder surf&e’)m:x
and the maximum working stoke of the actuator x___  which is presented @V

(8)

k = Hmax / Xtmax % ¢ @
So the equilibrium equation of rudder surface is as: V
fao+ f, - F, 25(5 /xw (9)

Where: = (x, - x,)K,, \ \
3.4. Frictional Pressure Loss of P@@ \Q)

Considering the pressuregloss the pipelipe from servo-valve to cylinder, the
relationship of the pressure in the two® jes and the pressure of the servo-valve’s

import and export can be e@essed a

y Q[ P, = \‘Ap
\ 4 11 1 11

Where: ap} he p @ loss on the way the hydraulic oil flow into the actuator
cylinder from servo- AP, is the pressure loss on the way the hydraulic oil flow
back to servo-valv 2ﬁ'(the cylinder.

The frictiona@re loss not only include the pressure loss when oil pass through the
straight pipeline but also include the pressure loss when oil pass through the bended place
i o condition have different formulations.
lation of the pressure loss of straight pipeline is presented as:

I 2
@ ap, =1 —22 (11)

d 2

+Ap, (10)

Where: ap, is the frictional pressure loss, 2 is the frictional resistance factor, | is the
length of the pipeline, d is the diameter of the pipeline, v is the average velocity of flow
in pipeline

This formulation can be not only applied to laminar flow but also applied to turbulent
flow, but the value of the resistance factor 4 is different, In the process of calculation the
Renault coefficient is real-time monitored to confirm the value of resistance factor A
which can be expressed as:

[ 2=75/Re (Re<2320)

%M - 0.3164/Re (12)

0.25

(Re > 2320)
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When the pipeline is bended the frictional pressure loss should be considered, for
circular tube the pressure loss of the bended place in pipeline is presented as:

2
pV 7.878p
Ap, =¢ =

= 1
s 2 7[2d4 (3)

Where: ap, is called local pressure loss, & is the local resistance factor, ¢ is the flow
rate when the oil flow through the bended places of pipeline.

4. Experimental Verification

The main simulation parameters are shown in Table 1

[ ]
Table 1. Main Simulation Parameters x)
A
Oil pressure Return pressure Fixed stiffness Joint stiffness Ifiterrfal leakage
AA o icient

21MPa OMPa 1e8N/m 1&%/@ P VlGe 13

External leakage Piston quality | Actuator quality il density ‘v Piston diameter
coefficient ‘ >

le-18 2kg 12kg 850kg 0.1m

The input voltage signal used in the ex nt is a'n@ignal its amplitude is 0.5V,
and the frequency is from 1Hz to 10Hz: dead of’servo-valve 1 is 0.012mm and
the dead zone of servo-valve 2 |s ystem is no-load. The results of
experiment and simulation are ab 2. i

Table 2. Contra%oft e Res %)f Experiment and Simulation

Frequency/Hz | A~ 3 4 5
Simulation FF/KN Al A, "8.88 x\z.’ss 2 1.73 1.52
Actual FF/KN o[\ 7409 40 252 2.23 1.81 1.68
Frequency, ) 7 8 9 10
Simulation F%I;B 136 1.23 1 0.74 0.51
Actual FF/ ‘N5 1.44 1.26 0.79 0.62
As show in Table \e');imulation results is very close to the actual but is always less
than the actual, AQISy1s due to the ignorance of the difference of the mechanical
transmission part$} clearance. In general the mathematical model can well simulate the
actual and ides an accurate simulation platform for subsequent analysis.

$edrch of Control Strategy
5.1NEdimination of Static Force-fight

The static force-fight is caused by the inconsistency of redundant actuator. The servo-
valve’s dead zone, working clearance of mechanical parts and the difference of the
pipelines’ length and inevitable wear during the production process will all lead to the
position error of the two actuators, this error can explained as to be produced by the
closed loop stiffhess of the actuator system and the joint stiffness from the actuator to
rudder surface.

304 Copyright © 2014 SERSC




International Journal of Multimedia and Ubiquitous Engineering
Vol.9, No.8 (2014)

<« Os1xs1

< StTxt1_
AN TN R
ANV g

€St xt)—P€—5s2 xs2—> N

Figure 3. System Static Pert\m%nce @C}
Where: st is the closed loop of actuator syste@ the Wess from actuator

surface
v

to rudder surface.
The displacement of rudder surface is equ the displacement of each channel which

can be expressed as: Q \CJ
X, = X, + S @ (14)
Where: x, isthe displacerﬂ:j ston and%rs the elastic deformation of piston rod.
The expected elongation of the piston ?;c%set tox, , so the displacement of piston and

the deformation of pisto n stati calculated as:

. (15)
b Xgq = ~Sg Fsl
(b { st = _SszilFsz
Subsﬂtu%@n (14) to equation (15), leading to:
5171F31 = StzilFsz + sszilFsz (16)

F,+F F
I;mder to reduce or eliminate the static force-fight the effective method is to make
F,and F_, to be equaled as much as possible. In the equation (16) st and Ss can

be changed to achieve this purpose, but the main parameters of the system have
been confirmed and it is not easy and unrealistic to change the parameters. A simple
and effective method of adding displacement offset e, in the equation (16) is

feasible which can be realized by adjusting the displacement signals obtained by
sensors and finally make F, = F,

(17)

Copyright © 2014 SERSC 305



International Journal of Multimedia and Ubiquitous Engineering
Vol.9, No.8 (2014)

According to the analysis above, the value of fighting-force can be used as the
displacement compensation signal by a series of transformation. If the output force is
greater in channel 1 the algorithm will make the displacement compensation e, smaller
and vice versa. So the control current can be adjusted according to the analysis above and
finally make the output force to be equaled. The control block diagram is presented in
Figure 4.

~ Displacemen Actuator Fsi
t control Q..
i
. ¥
¢
Xr —» EO _/— .é ‘ §+|Z§C—> E
’ \} 0
\ XIZX
Displacemen
——p P
t control Fs2

4(

Figure 4 £ontrol Di @‘ of Static Force-fight

small which presse

In practical, du m@masure f the pressure differential of the two cavities is
more efficient anﬁx‘ ost ording to equation (5) the force loss is actually very

(18)

S

Where: p_ isthe | ressure differential.
So it is rea;@fe to adopt the load pressure differential as the displacement

compensatjon, sighal of each channel. The block diagram of using the integral of load
pressure o@ﬂial to compensate position signal is represented in Figure 5

@Q | Displacement .\ Actuator 1 Fs1
control Q
% RN O
E R
X [ kls 5
AP, - n

v | ™ |
> Displacement »  Actuator 2 >
control Fs2

Figure 5. Control Diagram of Static Force-fight
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The integral is used because the strategy is designed for static control while the integral
only impact on low frequency part and has little impact on dynamic process, when there is
difference between Fs1 and Fs2 , the integral of fighting-force is translated into
displacement compensation signals e, and e, to adjust the control current of each

channel until the force-fight is eliminated.

The simulation results is presented in figure 6 when the dead zone of servo-valve 1 and
servo-valve 2 is 0.012mm and 0.024mm respectively and the system is no-load, a step
current signal of 0.5V is applied.

x10‘3
6 r

Il Fiston rod 1
Bl Piston rw2

displacement of piston rod/m
w

01 02

t|me/s AA
Figure 6. Tes Smu*at@ W|thout Control Strategy

As show in Figure G@Jt cont Wtegy the fighting-force reaches around 40KN
and the difference > displacement is around 0.4mm. In Figure 7 the
control strategy i &)

O« o
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Figure 7. Test and Simulation with Control Strategy
As show in Figure 7 the static fighting-force is reduced to 500N which means the

force-fight has been eliminated basically compared with 40KN and the strategy of force
equilibrium is proved to be very effective.
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5.2. Elimination of Dynamic Force-Fight

Although the force equilibrium can solve the problem of static force-fight well, the
dynamic fighting-force is still great as show in Figure 7 which is around 25KN and it is big
enough to lead to the fatigue of rudder surface and destroy the structure during longtime
service. In order to improve the dynamic performance and reduce the dynamic fighting-
force, adopting the PID controller to realize force equilibrium instead of simply using an
integral link, the structure diagram is presented as:

Displacemen Fs

vt | Actuator 1 %}@)

! NS 0

W f\*\'@i ol

o 0T q»m ju
2 ’ J

\'m i i)

\/
4

/

DIS QQ
o &’contr QBV» Actuator 2 w

Flgur%Qontrol Strategy with PID Controller

The integralﬁ&ntrols the static fighting-force, differential link control the

dynamic fightifig-force and the proportion link speed the convergence of force

equilibrium[__
The st debugging PID parameters are expressed as:

. determine the proportion gain k  : Make the coefficient of integral and

Fw?
d@r al to be zero and the value of input signal is set to 60%~70% of the maximum.
Incréase the value of k, until oscillation appears. Then reduce k, from current value

until oscillation disappears. The value at this point multiplied by 0.6~0.7 is the ultimate
value of k , .

Second step: determine the integral time constant T :After proportion gain is

determined, set a larger integral time constant firstly and then reduce the value until
oscillation appears, then in turn increase this value until oscillation disappears, the value
at this point multiplied by 1.5~1.8 is the final value of T, .

Final step: determine the differential time constant 1, : The way of determining 1, is
the same as k,, take 30% of the value when oscillation disappears as the final T

The parameter of the PID controller designed in this system can be calculated using the
method above, the values arek , =1x107", K, =K, /T =1x10"°, K, =K _-T, =2x10 "
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The simulation and tests results of adapting the dynamic force-fight strategy is
presented in figure 9 when the dead zone of servo-valve 1 and servo-valve 2 is 0.012mm
and 0.024mm respectively and the system is no-load, a step current signal of 0.5V is
applied.

Experiment data 1 x)
Simulatio%mt.a

force-fight/N

0 01 02 o

N

Figure 9. Test and,{%ulati PID Controller
Test and simulation res ow that, Edgmg the PID controller to compensate

displacement signal the dynamic Tightin e reduce to around 4500N from 25KN and
the static fighting-force maintains ar N.

6. Conclusion \\ %ﬁ
(1)The m:@ ical mode}@ simulate the real system accurately;
i

(2)Adopt e integral’of pressure differential of the two cavities as displacement
compensation can basic iminate static fighting-force;
(3)PID controller ectively reduce both the static and dynamic fighting-force.
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