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Abstract

This paper proposes a hardware redundancy based actuator fault detection concept for the con-
trol of a heavy metro vehicle car body. Because of the specificproperties of collocated actua-
tor/sensor pairs it can be shown that the proposed method is simple, reliable and inexpensive.
Additionally, it avoids the necessity to accurately model the flexible structure under investi-
gation which would be necessary in analytical redundancy based methods. Furthermore, the
concept is validated utilizing a 1/10 scaled laboratory model of a heavy metro vehicle car body.

1. INTRODUCTION

Recently, an increased interest in a mechatronically improved ride quality of rail way vehicles
can be observed. One method, which is apparently becoming state of the art, is the principle
of active secondary suspensions [1]. Other concepts apply active vibration damping schemes to
the vehicle’s car body [2],[3]. Since such a control system is designed for a nominal set offault-
free actuators and sensors the performance will decrease with faulty components, or in the worst
case the closed system may become unstable. Thus, a proper fault detection and identification
(FDI) system becomes necessary.

Generally, fault detection utilizes additional system information to monitor the state of
the components under consideration. This knowledge may be provided by additional (physical)
measurements (hardware redundancy) or by an estimation of the systems in- and outputs e.g.
with an observer (analytical redundancy). For the latter itis clear, that either a very accurate
process model has to be known, or the FDI-procedure has to be made robust against model
uncertainties.

Analytical redundancy methods were applied to a 16-mode flexible structure model by
Scattolini [4] without considering any robustness issues. Tai [5], on the other hand, proposes
an eigenstructure assignment approach to robustify a detection observer to uncertainties in sys-
tem parameters and neglected high-order dynamics. Nevertheless, for the problem at hand the
uncertainty is more pronounced and an accurate model of the flexible structure is only known
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in a relatively small frequency band [6]. To overcome the difficulties of model-based fault de-
tection a simple yet efficient and robust hardware redundancy concept for the FDI of actuators
utilized in flexible structure control schemes is proposed.Therefore, the remainder of this paper
is organized as follows: First, the active vibration damping concept applied to a heavy metro
vehicle car body is discussed to be followed by the presentation of the proposed FDI-principle.
Then the setup of a 1/10 scaled laboratory model of such a vehicle is given to finally present
and discuss experimental results.

2. HEAVY METRO VEHICLE CONTROL SYSTEM

In Fig.1 actuator and sensor positions as well as the excitation forces (secondary suspension
forces) are shown schematically.

... sensors
... actuators

... excitation

E1

E2

E3

E4

A1 A2

A3 A4

S1 S2

S3 S4

Figure 1. Definition of in- and outputs for the control system

Clearly, any control system closes the loop from the sensors(S1-S4) to the actuators (A1-A4)
in order to reduce the force induced vibrations (E1-E4) of the flexible car body modes by a
properly designed controller. The design of a multi body simulation model, the derivation of the
equations of motion for such a vehicle as well as a basic controller design was done by Schandl
[7]. Benatzky [8] optimized the control system and investigated the optimalactuator/sensor
placement. Both works utilized a representation of the flexible car body consisting of 17 elastic
modes as well as 12 Frequency Response Modes (FRM, e.g. [7]) which account for the highly
localized deformations at the actuator application points. This car body model is utilized in the
following section to establish an actuator FDI-concept based on the placement of additional
sensors collocated with the actuators.

3. ACTUATOR FDI CONCEPT

After definition of the active vibration damping system for aheavy metro vehicle car body in
Section2 and thus the actuator and sensor positions the basic principle and the algorithm for
the actuator FDI-system can be established.

3.1. Basic principle

In Fig.2 the transfer functions from actuatorA1 to sensorS1 andS5 are shown. The positions
of A1 andS1 are those already defined in Fig.1 andS5 is a sensor collocated withA1.
A comparison of the transfer functions in Fig.2 indicates that in the lower frequency range (re-
gion of the elastic modes) the output ofS5 is much larger then that ofS1. Clearly, the sensor
S5 measures the highly localized deformations generated by the local actuator action. Thus,
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Figure 2. Transfer function fromA1 to S1 andS5,
respectively
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Figure 3.u1(t) and ũ5(t) for different actuator
faults

a change in a suitably defined signal that compares the control signalu1(t) and the measure-
ment signaly5(t) directly indicates an actuator fault. In the lower frequency range the (nearly
constant) transfer functionGy5u1

can be approximated by

Gy5u1
(s) ≃ Gy5u1

(s)|s=0 = K0. (1)

Utilizing K0 a signal approximately equal to the actuator signal is generated by

ũ5 =
y5

K0
≃ u1. (2)

Locally, the most dominant excitation force for the structure is the actuator. This fact is illus-
trated by comparing the control signalu1(t) fed to the actuator and the approximated actuator
signalũ5 for 0, 10, and 100% actuator fault in Fig.3. Since for 100% actuator fault the signalũ5

only represents the structural response to disturbances and non-collocated actuators, the above
mentioned fact that a collocated sensor measures mainly thelocal actuator action is confirmed.

Note that the proposed principle is robust to uncertaintiessuch as varying load conditions
of the metro vehicle [8] since these may change the global system parameters such aseigen-
frequencies and modal dampings but not the local ones like the stiffness of the structure in the
vicinity of the actuator’s point of application.

3.2. Algorithm

In practice, control algorithms are generally implementedin digital form on a measurement-
PC or a micro-controller. A sampling procedure is utilized to obtain the discrete time values
x(kTs) = x(k) (k = 1, 2, 3, ...) from the continuous time signalx(t), whereTs is the sampling
time. Therefore, the FDI-algorithm given below is stated interms of discrete time equations.
The proposed actuator algorithm consists of a two-stage algorithm and the scheme is outlined
in Fig.4.
In a first step (R1) the residualsr1(k), r2,1(k), andr3,1(k) are computed from the control signal
u(k) and approximated control signalsũi(k) andũj(k). An additional mapping (R2) generates
the residualsr2,2(k) and r3,2(k). Finally, utilizing the values obtained fromR1 andR2, the
decision whether a fault has occurred or everything is fine ismade during the identification
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Figure 4. Actuator FDI-algorithm

stageF . Within the scope of the mappingR1 the residuals at time instantk are defined as

r1(k, n1) = σ2
ũi−ũj

(3)

r2,1(k, n1) =
1

n1

k
∑

l=k+1−n1

[|u(l) − µu(l)| − |ũi(l) − µũi
(l)|] (4)

r3,1(k, n1) =
1

n1

k
∑

l=k+1−n1

[

|u(l) − µu(l)| − |ũj(l) − µũj
(l)|

]

. (5)

In (3), (4), and (5) the mean value

µx(k) =
1

n1

k
∑

l=k+1−n1

x(l) (6)

and the variance

σ2
x(k) =

1

n1

k
∑

l=k+1−n1

(x(l) − µx(k))2 (7)

of the signalx(k) computed over the lastn1 measurement values are utilized. Inspection of (3),
(4), and (5) shows, that for the comparison of the sensor signals (r1) a quadratic criterion is
used, whereas for the comparison of the control signal and the measurement signals (r2,1 and
r3,1) mean value procedures are applied. The reason for this factcan be seen from Fig.3. For
small actuator faults the virtual control signalsũ5 are larger than the control variableu1, but for
larger actuator faults they are much smaller. Therefore, any residual defined as some quadratic
difference ofũ5 andu1 has a zero crossing for some fault size. As a consequence, a quadratic
form of the difference signal is no unique measure for the fault size. Therefore, the criterions
(4) and (5) evaluate the mean differences of the control signalu and the virtual control signals
ũi andũj. The most important parameter for the design ofR1 is the size of the intervaln1, over
which the residuals are computed.

The second mappingR2 smoothes the residualsr2,1(k) andr3,1(k) and is accomplished
as simple moving average computation over the intervaln2

r2,2(k, n1, n2) =
1

n2

k
∑

l=k+1−n2

r2,1(l, n1) = µr2,1
(k, n1, n2) (8)
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r3,2(k, n1, n2) =
1

n2

k
∑

l=k+1−n2

r3,1(l, n1) = µr3,1
(k, n1, n2). (9)

The last transformation,F , evaluates the residualsr1(k), r2,2(k), andr3,2(k) and generates the
binary signalsf1(k) (fault in the actuator),f2(k) (fault in sensorSi) andf3(k) (fault in sensor
Sj), which indicate the occurrence of faults. If thresholdsT1, T2, andT3 for the residualsr1(k),
r2,2(k), andr3,2(k) are defined one obtains for thef(k)

f1(k) =

{

1 · · · (r1 ≤ T1) ∧ (r2,2 > T2) ∧ (r3,2 > T3)

0 · · · otherwise
(10)

f2(k) =

{

1 · · · (r1 > T1) ∧ (r2,2 > T2) ∧ (r3,2 ≤ T3)

0 · · · otherwise
(11)

f3(k) =

{

1 · · · (r1 > T1) ∧ (r2,2 ≤ T2) ∧ (r3,2 > T3)

0 · · · otherwise
. (12)

4. EXPERIMENTAL SETUP

From Fig.5 a sketch of the experimental setup in the laboratory [9] can be seen, where the car
body model is shown suspended in the frame by four coil springs.

AF

AA

SA

MA

Force

Shaker

A2 S1

Accel.

Lab.-
PC

Figure 5. Test bed scheme with one control loop

S3 S4

Figure 6. Sensor placement in console

The depicted control system includes an acceleration sensor to check for the achieved perfor-
mance, a force sensor to measure the (disturbance) force generated by the shaker (with shaker
amplifier SA) and the outputs of two piezoelectric patches (S1 andS2 – non-collocated with the
actuators) as feedback signals (onlyS1 is displayed –S2 is opposite the displayed actuatorA2).
As actuators two piezoelectric stacks (A1 andA2) mounted in a special type of console [10] are
utilized.

After low-pass filtering (AF) of the acceleration and the force signals, all measurement
signals are passed to the measurement amplifier (MA) and fromthere to the laboratory PC
where the controller is implemented utilizing the Windows Real Time Target Toolbox of Mat-
lab/SIMULINK. Finally, the control loop is closed by passing the amplified (AA) control vari-
ables to the actuators.

In order to experimentally validate the proposed actuator FDI-system additional sensors
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have to be placed in the actuator console, which is displayedin Fig.6. Therefore, the sensorsS3

andS4 are utilized to monitor the state of the actuatorA2.

5. EXPERIMENTAL RESULTS

First, according to (1) the steady-state gainsK0,j=Gyju2
|s=0, j=3, 4 are computed from mea-

surements, compare Fig.7.
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ac
tu

at
o

r
si

g
n

al
s

in
V

time in s

Figure 8. Signalsu2 and ũ23 for 10% and 100%
actuator fault att ≥ 2s

There it is shown, that the gain drops slightly with frequency. Nevertheless, for the fault de-
tection algorithm only an operating point around which deviations are expressed is needed. To
compute faults from the measurements, again, like in (2), the measurementsyj(t) are converted
into actuator-like signals

ũ2j(t) =
yj(t)

K0,yj

, j = 3, 4. (13)

Then the actuator FDI-system according to Fig.4 and given by (3)-(12) is realized by setting
u=u2, ũi=ũ23, and ũj=ũ24. In the experiment, the shaker acts as disturbance source and con-
trollers [2] are implemented at 4kHz sampling frequency.
The thresholds are chosen to beT1 = 4·10−4V2 andT2 = T3 = 3·10−2V2 and the lengths of the
time windows are set ton1 = 200 andn2 = 500/2000. To simulate an actuator fault, which is
assumed to occur inA2 for t≥2s, the control signalu2(t) computed by the controller is reduced
by the desired percentage of the fault and applied to the second actuator. This is shown in Fig.8,
where the control signalu2(t), calculated by the controller, is compared to the signalũ23(t) for
10% and 100% actuator fault, respectively. It can be seen, that a fault at t≥2s reduces̃u23(t),
thus indicating faulty actuator behavior.

The signalsr2,2 and the according fault signalsf1 are displayed in Fig.9 to Fig.12 for
actuator faults of 10% and 100%.
The obtained results show, that even small actuator faults can be reliably identified with the
proposed method. Additionally it is shown experimentally,that for the identification of smaller
faults a stronger smoothing of the residuals (r2,i) is necessary.
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6. CONCLUSION

In this paper a hardware redundancy based actuator-FDI method was proposed and validated
experimentally for a 1/10 scaled laboratory model of a heavymetro vehicle car body. The
concept, which is based on additional sensors collocated with the actuators to be monitored
is inexpensive, reliable, and robust since the only parameter to be obtained from experiments
is the static gain of the actuator/sensor transfer functions that acts as a working point around
which deviations are defined. Furthermore, this gain is hardly influenced by changing vehicle
load conditions, since the local stiffness in the vicinity of the actuator is not influenced by such
uncertainties. Utilizing the proposed algorithm actuatorfaults of 10% and 100% where success-
fully detected in the experiments. Future work is concernedwith the investigation of nonlinear
actuator phenomena.
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