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Abstract—Prediction of the Remaining Useful Lifetime
(RUL) of the system brings down the maintenance cost,
downtime and also helps to take corrective measures.
This results in avoiding catastrophic events. In this
Paper, The RUL prediction is done based on
KalmanFilter approach with dynamic curve fitting. The
desired state (which is synthetic data) of the system is
estimated based on a second order Kalman Filter, where
Newtonian Kinematic model is used in tracking the
significant feature state of the system. The dynamic
curve fitting is done based on Least Square Error Sense
method. The dynamically fitted curve is extrapolated
until the failure threshold is reached and subsequently
RUL is estimated. The algorithm thus developed is
validated by a single phase full wave bridge rectifier
analogous to aircraft Transformer Rectifier Unit (TRU),
to obtain the real time significant feature data. The
experimental results are compared with those of
developed algorithms and results show Kalman filter
based algorithm is ~95% accurate.

Keywords—RUL, DSP, Prognosis, Decision making, Kalman
Filter.

LINTRODUCTION

The science of Prognosis is early detection of faults or
tracing of significant feature or early indications and hints of
failure, wear out and fault conditions. The system or
subsystem’s life is predicted based on early indications so
that it can be replaced or rectified in timely manner before
completedegradation takes place. The extent of deviation or
diversion of the critical parameters monitored forms the
basis for RUL prediction of a system or a subsystem. This
study of failure mode prediction is called Prognostic and
Health Management (PHM)[1, 2, 3, and
4]implementationoffers a good opportunity in reducing the
overalllife cyclecost and also decreases
operations/maintenance cost and time [1].Complex systems

like aircraft electrical systemsand avionics have a vital
impact on the availability and reliability during the mission
time. Technological advancements in aerospace industry are
leading towards more electrical systems being integrated in
aircraft [5]. Present health management in Electrical Power
System (EPS) is limited to predicting impending failure [6].

The performance of the aircraft is dependent on reliability of
the electrical system which is proportional to the amount of
maintenance received by the system and the knowledge of
those who perform such maintenance. It is therefore,
important that maintenance be accomplished using the best
techniques and practices to minimize the possibility of
failure. Adjustments,repairs, overhaul, testing of electrical

equipment and systems in accordance with the
recommendations and procedures of the component
manufacturer results in aircraft downtime. The time

consumed by aircraft on ground can be significantly reduced
by RUL estimation of its various systems. Replacement of
defective/damaged electrical system LRUscan beplanned
ahead byproper RUL prediction.

Kalman Filter applications include navigation,GPS and
traffic management [7]. Prognosis of failure using Kalman
Filtering has been demonstrated in steel bands and aircraft
power generators [6].An intelligent prognostic model in the
form ofalgorithm can be implementedin any system using
kalman filter.

In this paper, dynamic curve fitting is implemented for RUL
estimationwhich is unique from other
implementations[6].This paper also addresses PHM
implementation for a single phase full wave bridge rectifier
experimental data for analysis of RUL estimation.The RUL
estimationprocess is shown in Figure 1.
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Figure 1RUL estimation process block diagram

II.LKALMAN FILTER

System state estimation inthe presence of measurement
noise and process noise has been achieved using Kalman
Filter. Thisis regarded as an optimal solution for many
tracking and data prediction tasks. It is essentially composed
of a set of mathematical equations implemented asa
predictor-corrector type estimator whichis optimal in the
sensethat it minimizes the estimated error covariance.
System state has been described in state space form using
the feature vector measurementand velocity and acceleration
of feature vector change [6].The state of the system at a
future time instance has been computed based on the state
space at preceding time step, system transition matrix,
measured vector, process noise and measurement noise.

Kalman Filter equations for estimating the state with
measurement noise and process noise are given by the
following equations:

Xi= A xi+ K, (Z, —H, A, x51) O

Zy=Hx, +v, ()

Where
xx -Kalman Filter estimate of the system state at k™ time
step

X, - Actual system state at the k™ time-step

H - Measurement matrix, z;- measurement vector

Vi - measurement noise, K, -Kalman gain

Kalman gain is calculated based on Riccati equations:

M, =A4P_A +0, (3)
M.H
= 4)
HM H +R,
Pk:(l_KkH)Mk ()

Where
A, - State transition matrix,

P, -posterior estimate of error covariance after update,
O, - The process noise matrix,

M, -Priori estimate of error covariance before update.

The significant feature characteristics used for prognosis of
the system healthis takenas referencefor algorithm
development. A significant feature addedwith noise, altered
by faults occurred or induced in it is shown in Figure 2. The
system is considered to be having four regions of operation,
stating, Healthy Region (0.95 to 1.1), Caution Region (0.9
and 0.95), Repair Region (0.75 and 0.9) and Failure Region
(0.75).

= T T
:
z Hedlta
E Caution
i
2
'__.' Eepait
I
Eon —
: FR
z c '|| 1 L 1 1 1

0 300 10 1300 2000 2300 300

Time (3)

Figure 2.Significant Feature Characteristics



Figure 2 shows that when the system is in stable condition the
significant feature stays in Healthy Region, however, after the
incurrence of fault the significant feature characteristics tend
towards the Failure Region. Newtonian second order kinematic
model used for tracking is,

. 1.
X, =X, +xk_11'+5xk_12' (6)

Where, x ,x ,X¥ are significant feature characteristics, rate of
change, and acceleration of the signature feature or transfer
characteristics, respectively, k indicates state at k™ time and 7 is
the time increment since the last measurement. Therefore, the
state vector is defined as,

X, =[x 5% T %)

The state vector estimate is given by equations,

—~ —~

Xie=AX i ®)
1 7 057°
A=|0 1 T 9)
0 0 1
z, = Hx, +v, (10)

A is the state transition matrix for transition of state from k-1"

step to K™ step, is derived from the Newtonian kinematic model
equation (6)wherez;the measurement at k™ time step,His the
output coupling matrix and V;is the measurement noise. Since
the position of the component significant feature characteristic is
the only measured value, the measurement vectorH is given by,

H=[1 0 0] an

z, =x,+tv, (12)

II.1 Remaining Useful Lifetime (RUL) Estimation

RUL is the useful time left on a system at a specified time of
operation. Its estimation is based on Prognosis and Health
Management. RUL is typically random and unknown, and it
must be estimated from available sources of information
obtained from in-condition to system failure.

In this paper, RUL is estimated based on curve fitting and
extrapolation technique. The results obtained for the Kalman
Filter tracking with respect to the measurement update is shown
in Figure 3. The estimated states show the path of significant
feature characteristics from Healthy to Fault conditions heading
downward manner still the Time of Failure (TOF). Curve fitting
and extrapolation of the significant feature are carried out after it
crosses Healthy Region.
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Figure 3. Tracking of Significant feature characteristics by
Kalman Filter

The curve fitting technique generally referred is the Least Square
Polynomial Fit. The least square error equation for least square
polynomial fit is given by,

e=Y.(x,—y) (13)

Where, xjare the input samples and y is the curve fit of
extrapolated samples. In Least Square Error Sense Fitting, the
coefficients of curve fityare changed until error (e) is minimal.
The curve is fit at each and every step of the Kalman Filter
update. The samples chosen for curve fit are present and past
estimated states of the Kalman Filter. The polynomial equation
used for curve fit is,

y=at’ +bt+c (14)

Where t is time and a, b, ¢ are coefficients. The RUL of the
system is calculated by extrapolating the polynomial curve until
it reaches the failure threshold or it satisfies the condition given
by

f:at2+bt+c—0.75 (15)

The time‘t’ is incremented until <0 condition is satisfied,
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Figure 4 State estimation and prediction



Figure 4 also shows Kalman Filter tracking, and state prediction.
The prediction band considered for estimating the RUL is
between 0.9-0.85. Each and every updated state in the band is
used for estimating the time of failure and RUL of the significant
feature of the system. Figure 5 shows the estimated time of
failure of each state within the prediction band andRUL for each
state in the defined band is shown in Figure 6.
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Figure 6 Estimated RULtime in the Band

In this case, exact time of failure is at 2150 sec, for each and™

every state between the prediction band the time of failure is
estimated subsequently from RUL is estimated around 432sec

based on TOF. The histogram representation of the estimated

time of failure is shown in Figure 7.
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Figure 7 Histogram representation of Estimated Time of Failure

The predicted time in the histogram is varied mostly below and
above the correct time of failure. The fitting of Gaussian
distribution givesa better way of finding the TOF.The mean of
the distribution gives the Time of failure (TOF) ~2132sec. RUL
is estimated around 432 sec based on TOF. Figure 8 shows
fitting the Gaussian distribution to the TOF. Variable sample
length is discussed in the following section 2.3.
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Figure 8 Gaussian fit to Estimate Time of Failure

I1.2 Algorithm Steps:

Initialization at time k=0,
State projection from k-1 to k™ time,

Xk = AXk-1
Calculate error covariance matrix and Kalman Gain

M, = Ach—lAkT +0,

_ MH'
HM H" +R,
Posterior estimate of the state with measurement
xk=A xi1+K (Z, —H, 4 x11)
Update error covariance

P =(-K,H)M,

k

Store present and past N states
If signature feature is between prediction threshold

Initialize time for prediction
t =time(sec) — presentstate

Curve fitting and extrapolation will be done until condition is
satisfied

t=t+1
f =at’ +bt+c— failurethreshold f <0

Where a, b, ¢ are fitted curve coefficients

If f less than zero is not satisfied go to step 7.b
Computed time is the time of failure

Estimate Remaining Useful Lifetime defined in 2.1
Repeat step 2.

I1.3 Variable Sample Length Fitting

The variable sample lengths are considered as 3000, 4000, 5000
and 6000. The present and past Kalman estimated states are
considered as the samples for second order curve fitting. The
time of failure isestimated through the prediction technique
mentioned in section 2.1.The obtained result for Gaussian fitting
is shown in Figure 8. Now the sample length for fitting is
increased to 4000, 5000, 6000 samples and the resulting
Gaussian fit plots are shown in Figure 9. Due to this each and
every curve gives different mean that is TOF values, and all
curves are closer to our estimated TOF values(2132sec), RUL is
estimated ~432 sec based on TOF,which is>95% accurate.
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III. DESCRIPTION OF EXPERIMENTAL SETUP

To obtain the degradation data to estimate the RUL using
developed algorithm, a prototype experiment setup was built
using a single phase 220 volt to 24 volt step down transformer
and diode bridge rectifier circuit. The experimental circuit
diagram is shown in Figure 10. The function of the single phase
bridge rectifier circuit is to convert the available alternating
voltage into direct voltage. The DC voltage needed by the load
can be obtained by rectifier circuit.

I~
> R
¥ I~
z 8
TR12 - <
- z
+ o e 5] -
[v] J
Vel ne3fSne 0 §8 o
TN
-
PooEo
NN
=] Q
g g
z z 5
- - §
%
B ol [0

Figure 10 Bridge rectifier circuit integrated with the switch for
shorting diode

First advancement of the experiment is to log the temperature
data of transformer working under normal operating range. The
incipient fault is injected in bridge rectifier circuit by shorting
one of the four diodes by using a switch as shown in Figure 10.
The temperature change with respect to time due to harmonics is
observed, before and after inserting the fault. The shorting of the
diode induces harmonics. The harmonics induced at the negative
half cycle of the applied input will start increasing the
temperature of the transformer leading to degradation of the
circuit with small variation in output voltage. The temperature of
the transformer is monitored using Infrared Temperature sensor
gun. The degradation triggered due to fault insertion is traced at
regular interval by monitoring the change in temperature. The
temperature is noted at 20 seconds interval between each
temperature sample. Figure 11 shows experimental setup and the
list of componentsused in Table 1.

Load 100Q

Rectifier
Bridge -
24V Transformer

-,
Capacitance :
L]

220uF

Switch for fault
insertion

Figure 11 Schematic of experimental setup

Table 1: Experimental component specifications

Components Specification
Voltage source and 230V 50 Hz single phase
frequency AC
Transformer 24 Vrms output
Diode 1N4007
Load 100Q
Capacitance 220pF

Output voltage waveform of the full wave bridge rectifier
circuit, obtained under normal working condition is shown in the
Figure 12.
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Figure 12 Output voltage without fault insertion

When the fault is inserted into the bridge rectifier circuit by
shorting one of the four diodes and varied output voltage is
shown in Figure 13.



File Vertical Timehase Trigger Display

asure Mah Analysis Uliities Hely

Measure P1:ampl(Cy Pireq(C3) Papkak(C3) P4ms(C3) Pifteq(C3) PE:--
48.300785 Hz

value 160

48.390765 Hz 1680V 1901y
status. 2

v v

X1= 84852 [
Xi= 98868rms 1A= 23719 KHz

812012 5:59.49 AM

120

Temper alure

i i i i i
"o 200 100 600 800 1000 1200
Time (s)

Figure 14 Plot of Temperature vs Time

Figure 14 shows a clear indication at what point the degradation
is triggered and also the complete system failure by tracking the
temperature parameter of the transformer. RUL can be
calculated by the time difference between complete failure times
to the time of fault insertion. The fault is inserted at 260 seconds,
and the complete time of failure is observed at 1140 seconds as a
result exact RUL is 880 seconds.

IV. VALIDATION OF EXPERIMENTAL DATA

The temperature data, before and after fault insertion is shown in
Figure 15. When the fault is injected at 260™ second the
temperature started rising until transformer stopped functioning.
However prior to the fault injection, temperature almost
remainedconstant. This temperature change is used to track the
transformer degradation. For predicting RUL, the Prognostic
algorithm is implemented.

Figure 15.Temperature variation of the transformer under
Healthy/faulty condition

The prediction band considered for predicting RUL is ~60-70°C.
The prognostic algorithm is implemented in this band.

TOF prediction at different instances of time in the prediction
band is estimated and is shown in the Figure 16. It is observed
that the estimated TOF gets closer to the actualfailure time.
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Figure 17 Probability density function(PDF) for Estimated Time
of Failure(TOF).

Figure 17 shows the probability density function of the
Estimated TOF. The mean value of Estimated TOF is predicted
~1103 sec and RUL estimated is ~843 sec. By comparing
predicted RUL with the experimentally obtained RUL which is
880 seconds the prediction shows an accuracy of 95%.



For further verification the Kalman Filter approach for RUL
prediction with different sample lengthsis discussed in section
I1.3. Probability density function of TOF was obtained for
different sample lengths of 300, 400, 500, and 600 are shown in
Figure 18.
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Figure 18Estimated Time of Failure (PDFs) for different length
fit

From Figure 18, it is clearly understandable that, as the number
of samplesare increased the standard deviation is reduced, the
percentage of accuracy for every case is more than 95%, with
shift in mean of the gaussian distribution.The mean of the
gaussian distribution indiates the TOF.

V. CONCLUSIONS

The Kalman Filter approach for predicting the RUL has been
studied. The algorithm developed was tested for the synthetic
data and the same was validated using the experimental data, the
latter matches very well providing around 95% accuracy.
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