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ABSTRACT
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performance degradation and deteriorating effects or even worse it may end up with a
catastrophic system failure. One of the problems commonly observed in air vehicles is
called jamming. Jamming is the type of failure where an actuator connected to a flight
control surface permanently gets stuck at a certain position and does not move anymore.
This might cause a loss of control of the air vehicle causing severe consequences. Although,
there are several methods to detect jamming in the literature, still there is not a univer-
sally accepted solution. In this paper, a novel threshold-based fault detection and diagnosis
method is proposed. The method is based on the variance of time rate of change of distur-
bance load and the average tracking error. When these two quantities are above a certain
corresponding threshold, jamming is detected. The method is tested on an experimental

setup. The experiments show that the detection performance of the method is satisfactory

and the detection is performed under one second for all the test cases.

Keywords:

Fault detection and diagnosis; Disturbance observer; EHA; Jamming; Flight control actuation.

INTRODUCTION

D ue to increasing demand towards higher system
reliability and safety, a great amount of research
about fault detection and diagnosis are being carried
out. For safety critical systems, like an aircraft, con-
sequences of faults in a flight control system can be
extremely hazardous for human life. Flight control
systems mostly rely on electro hydraulic actuation
technology for providing necessary power to cont-
rol surfaces of aircrafts. Design and integration of a
flight control systems often includes fault detection
algorithms in order to make the system more robust
against failures. There are many studies on fault
detection and diagnosis of different faulty cases in
flight control systems such as; oscillatory failure case
[1], stall load [2], jamming [3], runaway [4], and inci-
pient sensor failures [5]. One of the most important
of them all is jamming. Jamming is a system failure
where an actuator connected to a control surface is
permanently stuck at a random position. This has se-
veral consequences such as undesirable aircraft moti-
on, increase in drag force and fuel consumption.

Several model-based approaches for jamming de-
tection exist in the literature. Among them, Kalman fil-
tering and observer-based approaches are the most well-

known and preferred ones. Ossmann et al. [2] proposed
amodel-based fault detection and diagnosis method for
the actuator jamming at small surface deflections. For
the detection of jamming, a discrete version of the li-
near parameter varying (LPV) modelling approach is
proposed in [6] and; it also has the fault identification
functionality as in [2]. The error residual r(f) is genera-
ted based on the position output of LPV model of the
hydraulic actuator. Then, the residual evaluation signal
0 (¢) is obtained by using a Narendra type fault evaluator
[7]. The detection performances have been assessed by
simulating the jamming failure scenario, during level
flight and special maneuver cases. The results show a
high degree of robustness in fault detection and diagno-
sis (FDD) for the whole range of tests and a satisfactory
detection performance. Kalman filter has also been ex-
tensively used in fault detection and diagnosis applica-
tions. Goupil et al. [3] proposed a Kalman filter-based
approach for jamming detection. Proposed method has
received certification on the new generation Airbus
A350 aircraft.

In this paper, a threshold-based FDD method is de-
signed for an electro-hydrostatic actuator (EHA). The
method is based on two indicators; variance of the time
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rate of change of disturbance load and average tracking er-
ror. One threshold for each indicator is defined and when
two indicators exceed their corresponding threshold, jam-
ming is detected by the method. In the design of the FDD
method, first the linear mathematical model of the EHA is
obtained. Then, the state and disturbance observers are de-
signed. The information from the mathematical model (inc-
luding the state observer) and the disturbance observer are
then used in the threshold-based model. The model is also
verified extensively in an experimental setup.

The main contributions of this study are: firstly, to the
best of our knowledge, none of the studies about jamming
focuses on the actuator dynamic. In this paper, the dyna-
mics of the actuator is considered to extract information re-
lated to the failure. Secondly, unlike the other studies, in this
paper, only the available actuator states are used to identify
the jamming not the aircraft states or feedbacks as in [6].
This approach might make the integration of the developed
algorithm a lot easier as the only states used for detection of
jamming failures are already available as actuator feedback
that is continuously processed for the position control loop.
Whereas integration of aircraft state feedbacks like calibra-
ted air speed, center of gravity position, aircraft mass and
the altitude used in [6] would significantly complicate the
overall integration process, requiring various sensor (air
data sensor, inertial measurement unit, etc.) outputs, and
need a lot more complex interface management for both
hardware and software.

The paper is organized as follows: In Section 2, the
method, including the mathematical modelling of the EHA,
observer design and the fault identification steps, for the de-
tection of jamming are introduced. Then in Section 3, verifi-
cation of the proposed method is performed. Finally, in Sec-
tion 4, the results are discussed and the conclusion is made.

METHODOLOGY

The overall methodology for the detection and identifica-
tion of jamming starts with the mathematical modelling
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of the actuator. Later, a state and a disturbance observer
are designed based on the mathematical model of the
actuator. At the last step, the output of the disturbance
observer is analyzed for fault detection purposes.

Mathematical Modelling

The EHA system consists of a hydraulic piston, a pump,
an AC electric servo motor driving the pump, a shuttle
valve and a hydraulic accumulator for differential flow
compensation [8]. Details of physical relations within the
EHA system are illustrated in [9].

There are basically two working regions for the EHA.
Depending on the load pressure value, the shuttle valve ad-
justs its opening and lets the flow go into the accumulator
and/or the actuator chambers. When the load pressure is
low, about 7-8 bar, the shuttle valve opens partially to both
chambers or only one of the chambers. The pilot-operated
spool of the shuttle valve positions itself naturally. For the
other case where the load pressure exceeds these 7-8 bar of
the differential pressure, then the shuttle valve fully opens.
In this configuration, one of the two chambers is connected
to the accumulator and thus the accumulator and the con-
nected chamber can be assumed to have the same pressure.
Within the scope of this paper, the EHA is operated in the
fully-opened shuttle valve configuration by adjusting the
counter loading.

In order to develop a simplified mathematical model
of the system in Fig. 1, several assumptions are made. The
accumulator pressure and temperature responses are assu-
med to be considerably slow so that the accumulator dyna-
mics are neglected. The electric motor current dynamics is
assumed to be very fast and it is also neglected. Shuttle valve
is assumed to be fully open. Therefore, spool dynamics of
the shuttle valve is not considered. In a fully-opened shuttle
valve condition, only one hydraulic chamber determines the
pressure dynamics since the hydraulic accumulator capaci-
tance together with the hydraulic conductance of the shuttle
valve are assumed to be considerably high. In other words,
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Figure 1. Components and their relations within the EHA system.
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change in the load pressure is equal to one of the chamber
pressures as 0F, =P, or 6P, =3F, depending on the open
side of the shuttle valve [9].

InFig. 1, T, is the torque generated by the servo motor,
P.is the accumulator pressure, Q,is the hydraulic flowra-
te between the pump and the actuator . AP represents the
pressure difference and the AQ shows the hydraulic flow.

Electrical and Rotational Mechanical System

The electric motor and the hydraulic pump are assumed
to be coupled through a rigid coupling. Therefore, the
pump inertia together with the frictional losses is lumped
into electric motor dynamics. The resulting equation of
motion of the motor shaft is:

kyi, = (7', )y + ('), +D,(B,=B)-10° (1)

where, J', =J,,+J, and b',, =b,, +b, are the total effec-
tive inertia and friction coefficients, respectively. Note
that for consistency of units, the right-hand side of the
equation, D,(P,—P,) term, is multiplied by 10°. kT is the
electric motor torque constant. @, is the angular speed
of the pump in, J,, is the inertia of the rotor of the electric
motor, J, is the inertia of the hydraulic pump rotor, D, is
the pump displacement, P, and P, are piston and rod side
chamber pressures, respectively, bP is the viscous friction
coefficient of the pump and b,, is the viscous friction
coefficient of the motor.

Hydraulic and Translational Mechanical System

The equation of motion for the hydraulic actuator is:
A (P, —ab)=mj, +F,+F, )

where, y, is the actuator piston position, A, is the pis-
ton cross sectional area, m is the mass of the piston and
the rod of the actuator, a is the pressure area ratio of the
hydraulic cylinder, F, is the disturbance force acting on
the actuator and b is the viscous friction coefficient of
the actuator.

The friction force here is modelled as:

F,=by, @)

where y, is the velocity of the piston. The continuity
equation for the piston and the rod side chambers can be
written considering the leakage flow to be proportional
to the load pressure (P,) as follows:

CaPL = Dpr - ApyA - HF)L (4)

CbPL = 7Dpa’M + aAp.)./A - HP, 5)

where H is the leakage flow coefficient of the pump, C,

and C, are the piston side hydraulic chamber capacitance,
the rod side hydraulic chamber capacitance, respectively.
P, is the time rate of change of load pressure.

State Space Representation of the Overall System

The state variables are defined as:

=Yy ©)
XN =D, )
X =P =(P-ak), ®)
X, =0y ©)

In matrix form the system is:
[x]= Alx]+ Blu] (10)

The input vector u includes u,, the motor torque and F,
disturbance load as:

(4] —Bﬂ (11)

0 1 0 0
0o e A
m m
A=\, 4 _H D (12)
C C C
0 b, by
L J'M J’M
r T
0 —i 0 0
B=| " 1 (13)
0 0 -
L Jm

The parameters used for the mathematical modelling
of the electrical and rotational mechanical subsystems are
shown in Table 1.

Table 1. Parameters of the electrical and rotational mechanical subsy-
stems [9].

Parameter Description Valve Unit
k, torque constant 1.52 Nm/A
rotor inertia of the " 5
M electric motor 27310 kg -m
hydraulic pump rotor " 5
JP inertia 1.93- 10 kg - m
Dp pump displacement 8 cm3/rad
motor viscous friction "
bM coefficient 7-10 Nms/rad
pump viscous friction
era coefficient 0.035 Nms/rad
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The parameters used for the mathematical modelling
of the hydraulic and translational mechanical subsystems
are shown in Table 2.

Table 2. Parameters of the hydraulic and translational mechanical
subsystems [9].

Parameter Description Valve Unit
A piston side cross sectional 28274 J—
p_eha area
Ay area ratio 0.75
mass of the piston and
Meta the rod 9.6 kg
viscous friction coefficient
Oone of the actuator 63 Ns/mm
piston side hydraulic e
Ca chamber capacitance 3025 mmfs - MPa
c rod side hydrqu[/c 302.5 mms/s - MPa
b chamber capacitance

Capacitance values of C, and C, are assumed to be
constant to a value of C that is calculated at the position
where the two chamber volumes are equal.

State and Disturbance Observer Design
State Observer
A Luenberger observer is designed for the EHA. Using the

state-space form in (12) and (13) together with the system
parameters, the following matrix equations are obtained:

0 1 0 0
|0 —673.07 302072465 0
K=y oss 0 0.4408 |
0 ~5369.86  —2.39
(14)
| -0107
[qu]
342.465
1000 F
= X1+[o o] ¢
d {0 0 0 1}[ I+l ]{u:| 1)

Open loop poles of the EHA system is calculated as:

P, =0+0i,-336.26 +1646.9i,
,—2.9594

-336.26 —1646.9i

The desired poles for the observer are chosen as:
p. =—5+0i,-400 +1646.9/,—400 —1646.9,-3.0 w7
+0i

Finally, the gain matrix of the observer is found using
pole placement technique:

EHA Servo Motor,
Feedbacks

Disturbance
Estimation

Velocity
State Disturbance
Observer

Observer

_
Actuator Position
Feedback

Load Pressure

Figure 2. Observer Structure of State and Disturbance Estimations.
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Eventual aim of the designed state observer is to supply
unknown state information to the disturbance observer.
However, the disturbance load acting on the actuator is an
unknown too. Therefore, a structure including two obser-
vers working simultaneously is developed for both the state
and disturbance estimations. Two observers work together
with one estimating the state variables while the other esti-
mating the disturbance as shown in Fig. 2.

Disturbance Observer

The force equilibrium on the piston can be re-written as:
Fy=-myj, +p A, -bx, (19)

which may also be expressed in terms of state variables
as:

F, = _mpx2 + Apx3 - bpx2 (20)

Estimation of the disturbance load is defined as d and
the dynamics of this estimation with an observer gain L,
is designed as follows: [10]

d= —Ll(mp)'(z— Apx3+ bpx2+ &) (21)

In Eq. 23, the derivative of the state x, which amplifies
the noise in x, decreasing the estimation performance.
In order to avoid this problem, an auxiliary variable {, as
represented in [11], is defined as:

¢= —d- Lim,x, (22)
and the dynamics of the auxiliary variable is
§ =—LI& +Lim,x,)+L,(b,x,— A X;) (23)

The load pressure and the velocity estimations toget-
her with the piston position are used in the disturbance
observer model. At this point, it’s worth noting that the
direct usage of the chamber pressure information wo-
uld significantly increase the fidelity of the disturbance
observer model. It is not used in this study because the
pressure feedback may not always be available for a fly-
by-wire actuator in an aircraft [12].
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Fault Identification

As the first step, time rate of change of the estimated dis-
turbance load is calculated as the residual signal. A de-
tection signal i(?), in Eq. 24, is generated that triggers the
fault identification process, when the variance, o, of the
disturbance rate F, , exceeds a predefined threshold.
The threshold value t for jamming is chosen based on the
not-jammed test cases. Jamming results in an increase in
the time rate of change of the disturbance load and it also
changes its variance. Using these facts, fault information
could be extracted from output test data.

()= {1 I olFy )2t o
0ifo(F, )<t
One possible drawback of variance computation is that
it requires the storage of n many samples, which may not
be desirable for real time operations. An alternative way is
to use recursive methods for mean and variance calculation
[13].

Another parameter is needed to enhance the reliability
of the proposed FDD method. Since the actuator rod stays
approximately constant at the jammed position, moving
average X of the position tracking error may be analyzed
to create a jamming indicator. A fault confirmation signal
u(t) is generated that decides the presence or absence of a
fault if the moving average X of the position tracking error
le| exceeds a predefined threshold. The threshold value 7,
for jamming cases is based on not-jammed test cases. Two
threshold-based steps consolidate the fault detection functi-
on and increase the reliability of the developed FDD system.

)= {1 Ile>, 25

Oifflel <z,

where [€[=Y, ;... = Vyneasurea 15 the tracking error.
EXPERIMENTAL ANALYSIS
Test Setup

A schematic drawing of the hydraulic test bench, which
was designed and constructed by Caliskan [9] and Akova
[14] is shown in Fig. 3. It consists of two hydraulic actua-
tion systems. The one on the left is an electro hydrostatic
actuation system controlled by a hydraulic pump where-
as the one on the right is a conventional hydraulic system
that acts as the load simulator and it is controlled by a
servo proportional valve. Two systems are connected to
each other via a flexible coupling mechanism with a force
sensor. Closed-loop force control of the load simulator is
accomplished using the force sensor. The piston position
is also measured which is used in the disturbance feed-
forward controller as the feedback signal.

The EHA is a closed-loop position system where positi-
on tracking is achieved through a closed-loop feedback and
feedforward control. An AC servo motor is placed to drive
the hydraulic pump in the system. The hydraulic actuator
used in the study is a single rod type hydraulic piston which
creates unequal flowrates for the retraction and extension
sides. Caliskan developed a novel method to compensate
this unequal flowrate difference using a hydraulic accumu-
lator and a 3-position 3-way shuttle valve [8]. Together with
the position of the piston of the EHA, speed of the motor is

Linear Encoder Linear Encoder .
EHA 1 sprng Lowd system [} -0ad Simulator
©co000] |00 0O
| i 1 |
| |o coool poooff \ |
~ “Load cell
s 3 L
— A Servo Vlye
= = p ﬂ_ 4
T Host PC —ﬁ«—_
Bl FH Y |
R | - 'd
| L ] y

IR\
Sy

Target PC

AC Servo Motor
(PMSM)

———

Driver

)

=1

Figure 3. Schematic drawing of the hydraulic test bench [9].
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controlled in closed-loop manner. Speed and torque of the
servo motor, pressures in the two piston chambers and in
the accumulator is measured simultaneously together with
the actuator position.

The SpeedGoat real time target PC is equipped by
10105 analog input and 10111 analog output modules. The
servo motor speed and torque, pressures of the two cham-
bers of the EHA and accumulator, and the actuator position
are measured simultaneously, with a 1 kHz sampling fre-
quency. The pressure transducers are made by Trafag and
rated up to 250 bar with 0-10 V output. They are mounted
on the hydraulic manifold. The EHA position is measured
by a linear encoder made by ATEK. The encoder is con-
nected to the rod of the EHA, it has 20pm grid spacing and
enables 5pm resolution at 4X decoding. [9]. The accuracy of
the pressure transducer (Trafag, 8472) is +0.5% and the load
Cell (Burster Model 8524) is +0.25%.

Verification of the Observer Models

A set of test data is used where the reference position of
the EHA and the magnitude of the force of the load simu-
lator are controlled as shown in Fig.s 4 and 5.

In the closed-loop tests, position of the EHA is kept
constant at 100mm after t=6 secs (Fig. 4). A force signal with
varying amplitude is generated as the reference input for the
load simulator. Both positive and negative disturbance loads
of 12kN are applied and its amplitude is changed between
1-2 kN while the frequency of the square waves is varied bet-

Reference Position Input vs. Time
T T T T T T

———] Reference Position

160

Position Input [rmm]
g B g
T T
L L

5
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Time [s]

Figure 4. Reference Position Input to the EHA.

15 % 104 Reference Force Input vs. Time

=) -
T T

Input Force [N]

15 i L ! L L L L L
0 10 20 30 40 50 60 70 80

Time [s]

Figure 5. Reference Force Input to the Load Simulator.

ween 0.5-2 Hz (Fig. 5). Velocity estimation via a dedicated
Kalman Filter [9] is also used together with the velocity esti-
mation output of the state observer. Some operating regions
in the following test results are zoomed in to show the esti-
mation performance of the observers. Especially, the region
where the disturbance load is varied is tried to be focused
on. Comparison of the estimated states and disturbances
with measured feedbacks, via the transducers in the setup,
is given in the following figures.

The state observer gives accurate results, being less
than 0.1%, for the estimation of position (Fig. 6). This is in
fact an expected result since feedback is available for this
state variable.

Velocity estimation (Fig. 7) shows some differences bet-
ween the estimation by state observer and the estimation by
a Kalman Filter [9]. This can be explained by the fact that
the Kalman Filter, uses a kinematic filtering method whe-
reas in the velocity estimation by the state observer relies
more on the system dynamics. There is also a very small
error in the estimation of observer for the zero-velocity regi-
on which might be overcome by increasing the related gain
term in the observer gain matrix.

For the estimation of the load pressure, some unde-

sirable peak points are observed like the ones in 32th and
34th seconds of the simulation as in Fig. 8. The main reason
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Figure 6. Measured Position Response and the Position Estimation of
the EHA.
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Figure 7. Kalman Filtered Velocity Estimation [9] vs. Observer based
Velocity Estimation of the EHA.
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Load Pressure vs. Time
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Figure 8. Measured Load Pressure and the Load Pressure Estimation
of the EHA.

why such peak points are observed is due to the fact that the
EHA system automatically switches its working regions. As
the load pressure difference between two hydraulic cham-
bers decrease below a point the shuttle valve starts to open
and actuator dynamics gets much more complex, where
in this study these complexities are not focused, including
flows from accumulator to the chambers depending on the
shuttle valve opening. Apart from these points, load pres-
sure estimation includes slight deviations in the transient
regions and gives better results for the steady state regions.

Motor Speed vs. Time

Estimated
Measured

-1000 |-

Motor Speed (rpm)

-1500 -

2000 L L L L

Time (s)

Figure 9. Measured Motor Speed and the Motor Speed Estimation for
the EHA.

The state observer gives accurate results for the estima-
tion of the servo motor speed as can be seen in Fig. 9. This
is also an expected result since feedback is available for this
state variable. In addition to the state estimations, the com-
parison for the disturbance force estimation is also given
with the following figures.

" o

| 555 fo5 % 561 52 563 52 565
L = == SR, | AR [ T ey
M RNl b R

0
Time (s)

Figure 10. Disturbance Force Estimation (with & without Pressure Fe-
edback) and the Measured Disturbance.

Considering the results for the disturbance estimation,
it could be concluded that the designed disturbance obser-
ver gives good estimation results for the steady state cases

as can be seen in Fig. 10. Though, there are some deviations

from the measured force between the disturbance estima-
tion without using pressure feedback especially in transient

regions (for example around 0.2-0.3 second difference in

rise time), the estimation still reflects the disturbance dyna-
mics with an adequate level of accuracy.

After about 7-8 bar load pressure, the disturbance and
the state observer start to give much better results. This is
an expected situation since the shuttle valve inside the EHA
system fully opens after about 7-8 bar differential pressure
and in the observer dynamics the shuttle valve is assumed
to be fully opened to one side.

Test Scenario and Results for Jamming

Several faulty jamming cases are simulated in the experi-
mental setup and the detection performance of the pro-
posed method is analyzed in this subsection. The most
critical and difficult cases in terms of detection and iden-
tification of jamming are at low deflection signals where
the reference position input to the actuator is quite low
especially in cruise (steady state flight) condition. The-
refore, low amplitude input signals around the jammed
position are inserted to the control system. To simulate
several different cases, both sinusoidal and sawtooth sig-
nals are used in jamming conditions. In order not to ca-
use an excessive sudden increase in the load and in order
not to damage the setup, step signals are not preferred for
jamming simulations. It should be noted here that this
study basically focuses on the detection of jamming cases
for a test setup on ground before any implementation on
areal flight test with more realistic pilot (or flight control
computer) input behavior. Therefore, generic input sig-
nals, whose amplitude and frequency can be varied easily,
like sawtooth and sinusoidal waves are used. In this way,
amplitude and frequency ranges of actuator input signals
under which the jamming cases are observed can be re-
alized. The test scenario is applied under both jammed
and not-jammed cases to compare the performance of
the developed FDD system under faulty and non-faulty
cases. The test cases investigated are listed in Table 3.
Amplitude and frequency values of the selected reference
position signals are presented in the 5th column of the
table. Since the actuator input demand is relatively low in
cruise condition with the control surface being quite clo-
se to its neutral position, amplitudes of 0.25mm, 0.5mm
and 1mm are chosen. To reflect different demand behavi-
ors of the actuator position, sinusoidal and sawtooth sig-
nals with two different frequency values are used. All of
the faulty jamming conditions are also simulated for the
not-jammed nominal case. For all of the jamming condi-
tions in the following table, a disturbance load of 14000N
is applied as this value is very close to the maximum force
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Table 3. Test Cases for Jamming.

Test Case Condition Initial Condition Input Signal Signal Amplitude and Frequency DistLuggznce
1 Jammed 50 mm Sine Wave 0.25mm, 2 Hz 14000 N
2 Notn-Jammed 50 mm Sine Wave 0.25mm, 2 Hz 4000 N
3 Jammed 50 mm Sine Wave 0.5mm,1Hz 14000 N
4 Notn-Jammed 50 mm Sine Wave 0.5mm,1Hz 4000 N
5 Jammed 50 mm Sine Wave Imm, 0.5Hz 14000 N
6 Notn-Jammed 50 mm Sine Wave 1mm, 0.5Hz 4000 N
7 Jammed 50 mm Sawtooth 0.25mm, 2 Hz 14000 N
8 Notn-Jammed 50 mm Sawtooth 0.25mm, 2 Hz 4000 N
9 Jammed 50 mm Sawtooth 0.5mm, 0.5Hz 14000 N

10 Notn-Jammed 50 mm Sawtooth 0.5mm, 0.5 Hz 4000 N
11 Jammed 50 mm Sawtooth Imm, 0.5Hz 14000 N
12 Notn-Jammed 50 mm Sawtooth 1mm, 0.5Hz 4000 N

that can be measured by the load cell in the test setup.
Not-jammed cases are simulated under a load of 4000N.

Experiments are performed based on the test scenario
in Table 3. Jamming cases are tried to be simulated under
the counter load by the load simulator using a mechanical
locking assembly. By this way, EHA piston is kept at the
desired position. Reference and measured position, rate of
the estimated disturbance, recursive variance calculation of
disturbance rate, moving average of the tracking error and
the eventual output of the developed FDD method, which
is the fault signal, are plotted in the results of the test cases.
Moving average of the position tracking error, disturban-
ce rate and its variance are given including both jammed
and not-jammed cases in the same figures. Note that both
jamming and unjamming conditions are simulated by can-
celling integral gain of the controller. Therefore, developed
FDD method is analyzed under proportional controller for
all jammed and not-jammed conditions. Disturbance loads
of 14kN and 4kN are applied (at t=19s) for the jammed and
not-jammed cases, respectively. After the counter load (dis-

Position (Unjammed) vs. Time

Reference Postion
——— Postion Measurement

Position (mm)

09 L L L L L L L L |
20 2 24 2% 22 EY 2 N 3

Time (s)

Figure 11. EHA Position Response under the Not-jammed Case for test
cases 9.

turbance), the reference position is inserted to the EHA at
t=20s. Results are given for just one set of test case (Test Ca-
ses 9&10) in the following figures.

Position (Jammed) vs. Time

Position (mm)
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20 2 24 26 28 30 2 3 36
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Figure 12. EHA Position Response under the Jammed Cases for test
casesl0.

Several remark regarding the given plots for the fault
detection and diagnosis of jamming failures are highlighted
as follows:

Position responses of the EHA under jammed and not-
jammed cases are as expected. Because of the high distur-
bance load (14kN) the actuator cannot track the given posi-
tion input as can be seen in Fig. 12. Whereas small tracking
error occurs (Fig. 11) for the not-jammed case due to the
considerably lower disturbance load (4kN). Note that cont-
rol system is the same for all jammed and not-jammed cases,
so the only difference is created by changing the external
disturbance load by means of counter loading and the mec-
hanical locking which have been mentioned before. Rate
of the estimated disturbance load seems quite noisy and it
is difficult to extract valuable information about the faults
from Fig. 13. Therefore, the variance of this disturbance
rate is calculated in Fig. 14. There is a quite bit of difference
between the jammed cases and the not-jammed ones. High
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position tracking errors are inevitable for jamming cases

because of the low disturbance rejection characteristics un-
der mechanical locking or counter loading. The deviation

between the tracking error for the not-jammed case and the

jammed cases is quite large as expected. The fault is identifi-
ed (Fig. 16) in a considerably small-time interval for this test

case because of the high deviations in the indicators (dis-
turbance rate and the tracking error) between jammed and

not-jammed conditions. For all of the simulated test cases,
developed FDD system gives very similar results for the fault

indicators, detection time and deviations between jamming

and unjamming conditions. Using the developed FDD met-
hod, all of the failure cases could be identified under 1s. It
should be noted that detection time of the faults strictly de-
pends on the chosen threshold values in the fault identifica-
tion step. The higher the threshold value is, the longer it ta-
kes the system to identify the jamming cases. In order to be

more robust against false alarms, higher threshold might be

chosen but this would considerably increase the lag between

the occurrence of the error and the detection time. Overall

results are summarized in the following table.

0* Rate of the Estimated Disturbance vs. Time
s

Jamming with Mechanical Locking
Unjamming
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Figure 13. Rate of the Estimated Disturbance for test cases 9 and 10.
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Figure 14. Variance of the Estimated Disturbance Rate for test cases
9 and 10.
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Figure 15. Moving Average of the Position Tracking Error for test cases
9 and 10.
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Figure 16. Generated Fault Signal for test cases 9 and 10.

Considering the results provided in Table 4 and 5, a
number of comments can be made regarding failure dyna-
mics, fault detection performance and the overall effective-
ness of the developed methodology. A single threshold value
is selected in the developed FDD algorithm for both the mo-
ving average of the tracking error and the variance of the
estimated disturbance rate. Yet, a single threshold set could
give comparably good detection times. Maximum fault de-
tection time, 0.68s, occurs at the amplitude of 0.25mm. We
assumed that an actuator stroke of 0.25mm nearly corres-
ponded to a minimum surface deflection of a typical flight
control surface. Since the detection time would decrease
as the given input is increased at the time of jamming, this
1.26s of detection time might be considered as the maxi-
mum detection time for a jamming failure of a typical flight
control surface.

DISCUSSION AND CONCLUSION

In this paper, a threshold-based fault detection and di-
agnosis (FDD) method is developed for jamming. The
method is tested on an experimental setup. In order to
estimate the state variables correctly, firstly system dyna-
mics of the EHA is modelled. Then, the state and distur-
bance observers are designed to estimate both unknown
system states and the disturbance load.

The whole FDD method is based on two indicators.
One indicator is selected as the variance of the time rate of
change of the disturbance. When this variance exceeds a
predefined threshold value then the second indicator regar-
ding the fault is checked. This indicator is the moving avera-
ge of the tracking error. In order to test the performance of
the proposed FDD method, a fault scenario is created. Low
amplitude sine and sawtooth waves with different frequency
values around a specific actuator position are taken as the
reference inputs. After considering the results, it is realized
that the disturbance rejection characteristics of the actuator
has a great influence on the fault detection performance of
the designed method. Depending on the disturbance rejec-
tion of the actuator, its estimated disturbance rate under the
jamming case could diverge rapidly from the not-jammed
nominal condition.
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Table 4. Summary of the Results for the Sine Wave Inputs.

Variance of the

Test Case Input Signal Estimated Disturbance Movrng Average of the Dgtectlon
> Tracking Error (mm) Time (s)
(IN/sF)
. 7.2x10° — Jammed 0.09 - Jammed
1-2 0.25mm Sine 6x10°— Not - jammed 0.025 - Not-jammed 0.62
. 9.1x10° - Jammed 0.17 - Jammed
3-4 0.50mm Sine 5x10* — Not jammed 0.022 - Not jammed 0.51
. 10x10° - Jammed 0.28 - Jammed
56 1.00mm Sine 5x10~ Not jammed 0.02 - Not jammed 0.47
Table 5. Summary of the Results for the Sawtooth Wave Inputs.
Variance of the . .
Test Case Input Signal Estimated Disturbance Movtng Average of the De_tect/on
> Tracking Error (mm) Time (s)
(IN/sF)
7 8 0.25mm 6.6x10° —Jammed 0.06 — Jammed 0.68
Sawtooth 6.5x10* — Not jammed 0.023 - Not-jammed ’
9-10 0.50mm 9x10° — Jammed 0.14—Jammed 0.66
Sawtooth 6x10* - Not jammed 0.02 — Not jammed ’
11-12 1.00mm 9.6x10° - Jammed 0.23-Jammed 0.62
Sawtooth 6x10* - Not jammed 0.025 - Not jammed ’

At the end, the results are given for one of the test ca-
ses with jamming and without jamming Fig.s 11-16. Faults
are successfully detected (Tables 4-5) for all of the jammed
cases and no false positives for not-jammed cases. The de-
tection times are quite low, less than one second for each
case which is considerably lower than the values achieved
by different methods like LPV model-based detection met-
hod where the mean detection and identification time of
jamming is 3.57s and maximum detection time of 10.65s [6].
Last but not the least, several aspects of this study should
be addressed before considering any real time flight cont-
rol system implementation. First point is that every control
surface actuator has its own dynamics with its parameters.
Therefore, a high-fidelity actuator model needs to be cons-
tructed according to the specific architecture selected for
the concerning flight control application. Then, realistic
actuator inputs shall be generated through either real pi-
lot inputs or processed inputs via a dedicated flight control
computer. Taking these points into consideration, the deve-
loped method in this paper might be implemented to a flight
control application with minimal modifications.
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