
A systematic procedure for the 
development of a Prognostics and 
Health Monitoring System (PHMS) 

for newly designed equipment



HEMIS Project

Electrical powertrain Health Monitoring for Increased Safety of FEVs



Context of the project
� To achieve the aims of reducing energy consumption and CO2 emissions,

Fully Electric Vehicle (FEV) needs to reach significant market shares.
� The advent of FEVs in mass production presents new challenges to

automotive manufacturers due to the immaturity of the new building blocks,
which can reduce FEV’s safety and reliability.

� Minimum Endogenous Mortality Principle:
In well developed countries, the endogenous mortality is the lowest for a 15 year
old individual. This lowest level of Endogenous Mortality, known as Minimum
Endogenous Mortality (MEM) has been determined as
2•10-4 fatalities/person•year.

� The FEV technology has to fulfill this safety requirement in order 
to be diffused: the PHMS aims at provide the information 
necessary to reach this goal



Project Objective

�REDUCE MAINTENANCE COSTS

� INCREASE THE SAFETY OF THE VEHICLE

�ENHANCE THE CONFIDENCE OF THE FINAL 
USER WITH RESPECT TO THE NEW 

TECHNOLOGY



How to reach project objectives?

Normal 
operation
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Failure 
Mode 1 Failure 

Mode 2

Failure 
Mode 3

� Develop a PHMS!!!



Steps of the systematic strategy for FEV development
Development of a Prognostic and Health Monitoring System (PHMS) for the electrical powertrain of a FEV

1. Definition of the FEV architecture

2. Identification of the most critical components and failure modes which can affect the FEV by means of a Failure Mode, Effects, and 
Criticality Analysis (FMECA) 

3. Definition of a Risk Priority Number (RPN) for each identified failure in order to highlight the most critical components and failures

4. Investigation of the degradation mechanisms which cause the most critical (low RPN) failure modes identified by the FMECA 

5. Identification and selection of the signals to be measured in order to monitor the health state of the component: the selection is driven by 
both economical and physical considerations, taking into account if it is physically possible to measure a specific signal and if it is cost-
effective.

6. Development of the monitoring algorithms. Depending on degradation mechanisms characteristics:

7. Algorithms validation strategy

� Proof of concept: an internal validation based on literature and/or simulated data; 
� Verification: tuning and verification based on real experimental data;
� Deployment: a field validation based on real data collected during operation of the component

8. Overall assessment of the FEV reliability, availability and safety considering the PHMS benefits

Diagnosis (sudden failure):
� detection of anomalous behavior
� identification the causes 
� assessment of the amount of degradation

Prognosis (gradual failure):
� prediction of the system Remaining Useful Life (RUL).



Definition of the 
FEV architecture

1. Definition of the FEV architecture



1. FEV Architecture
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1.Electrical Transmission architecture
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1.Electrical Machine � sub -system hierarchy



1.Control � sub -system hierarchy



FMECA 
Analysis

2. FMECA Analysis



2. FMECA Analysis (Examples)
Subsystem and 

Functions
Failure Mode Causes Subsystem Effect System Effect Hazard at 

vehicle level
Recommended Actions

DC Bus Link Capacitor
Stabilize HV DC Power 
Bus

Increased ripple Thermal stress, self-heating LowDC voltage Poor efficiency. 
Batteries may get 
damaged

Insufficient 
vehicle 
acceleration 
/ instability

PHMS measures capacitor 
variables

Inverter
Converts DC electric 

power to 3 phase variable 
power

Operation when not required Fault control of inverter 
controller

Unintended 
function

Undemanded 
torque

Unintended 
acceleration

PHMS measures Electrical 
Transmission variables and warns 
driver

Converts 3-phase power 
to DC

No current output in 
regeneration mode

Loss of connection to 
electrical machine, inverter 
controller failure

No regeneration No regeneration No vehicle 
acceleration/
Increased 
stopping 
distance

PHMS measures Electrical 
Transmission variables and warns 
driver

Rotor Magnetic Field 
Source (PM)
Create Rotor magnetic 
field in drive mode

No rotor magnetic field Permanent magnet loss 
magnetization, Rotor shaft 
failure 

No rotation Seized rotor Vehicle will 
not move

Implement Traction Machine 
condition monitoring

Create Rotor magnetic 
field in drive mode

Loss of rotor magnetic field Rotor core delaminating, 
Rotor shaft failure 

Loss of rotation Loss of rotor 
rotation

Vehicle will 
stop 
suddenly

Implement Traction Machine 
condition monitoring

Create Rotor magnetic 
field in drive mode

Insufficient rotor magnetic field Decrease in magnetization in 
Permanent magnets due to 
increased ambient 
temperature; Misalignment of 
rotor components

Insufficient rotation Insufficient 
rotation

Vehicle may 
have 
unreliable 
drive

Implement Traction Machine 
condition monitoring

Rotor Bearings
Position Rotor Shaft Incorrect Rotor Shaft position Physical damage; 

misalignment; damaged seals, 
deficient mounting

No rotation No rotation Vehicle will 
not move

Implement bearing condition 
monitoring

Position Rotor Shaft Intermittent misalignment of 
Rotor Shaft

Lack of lubrication, Excessive 
vibration, Excessive shaft 
voltage present, Excessive 
load on bearing

Unreliable rotation, 
vibration, sparking

Loss of rotation Vehicle may 
have 
unreliable 
drive

Implement bearing condition 
monitoring



Risk Priority 
Number 
(RPN)

3. Risk Priority Number (RPN)



3. Risk Priority Number (RPN)

� Failure Mode, Effects and Criticality Analysis: 
� to classify the effect of potential failure modes by severi ty, 

occurence and detection
� to prioritize the actions needed to counteract or mitig ate 

these failures

Risk Priority Number = Severity ×××× Occurence ×××× Detection

RPN
Critical Component= Low RPN



3. FMECA Analysis and RPN (Examples)
Subsystem and 

Functions
Failure Mode Causes Subsystem Effect System Effect Hazard at 

vehicle level
S O D RPN Recommended Actions

DC Bus Link Capacitor
Stabilize HV DC Power 
Bus

Increased ripple Thermal stress, self-heating LowDC voltage Poor efficiency. 
Batteries may get 
damaged

Insufficient 
vehicle 
acceleration 
/ instability

3 1 3 9 PHMS measures capacitor 
variables

Inverter
Converts DC electric 

power to 3 phase variable 
power

Operation when not required Fault control of inverter 
controller

Unintended 
function

Undemanded 
torque

Unintended 
acceleration

3 1 3 9 PHMS measures Electrical 
Transmission variables and warns 
driver

Converts 3-phase power 
to DC

No current output in 
regeneration mode

Loss of connection to 
electrical machine, inverter 
controller failure

No regeneration No regeneration No vehicle 
acceleration/
Increased 
stopping 
distance

1 3 2 6 PHMS measures Electrical 
Transmission variables and warns 
driver

Rotor Magnetic Field 
Source (PM)
Create Rotor magnetic 
field in drive mode

No rotor magnetic field Permanent magnet loss 
magnetization, Rotor shaft 
failure 

No rotation Seized rotor Vehicle will 
not move

1 1 1 1 Implement Traction Machine 
condition monitoring

Create Rotor magnetic 
field in drive mode

Loss of rotor magnetic field Rotor core delaminating, 
Rotor shaft failure 

Loss of rotation Loss of rotor 
rotation

Vehicle will 
stop 
suddenly

1 1 1 1 Implement Traction Machine 
condition monitoring

Create Rotor magnetic 
field in drive mode

Insufficient rotor magnetic field Decrease in magnetization in 
Permanent magnets due to 
increased ambient 
temperature; Misalignment of 
rotor components

Insufficient rotation Insufficient 
rotation

Vehicle may 
have 
unreliable 
drive

2 1 1 2 Implement Traction Machine 
condition monitoring

Rotor Bearings
Position Rotor Shaft Incorrect Rotor Shaft position Physical damage; 

misalignment; damaged seals, 
deficient mounting

No rotation No rotation Vehicle will 
not move

1 1 1 1 Implement bearing condition 
monitoring

Position Rotor Shaft Intermittent misalignment of 
Rotor Shaft

Lack of lubrication, Excessive 
vibration, Excessive shaft 
voltage present, Excessive 
load on bearing

Unreliable rotation, 
vibration, sparking

Loss of rotation Vehicle may 
have 
unreliable 
drive

2 1 1 2 Implement bearing condition 
monitoring



4. Degradation mechanisms to monitor

Investigation of the 
degradation mechanisms 

which cause the most 
critical failure modes 

identified by the FMECA 



4A.PHMS: What to monitor? (Motor)
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Selection of the components and degradation
mechanisms to be considered:

� FMECA �Risk Priority Number (RPN)

� Literature review



4B.PHMS: What to monitor? (Control)

COMPONENT DEGRADATION MECHANISM

DC Bus Link capacitor Vaporization of the electrolyte

IGBTs Thermo-mechanical stresses (bond wire lift-off, die 
attach degradation, solder-joint degradation)

Selection of the components and degradation
mechanisms to be considered:

� FMECA � Risk Priority Number (RPN)

� Literature review



5. Physical characteristics to monitor

Identification and 
assessment of the physical 
characteristics to monitor 

the performance of the 
motor and the control 



5A.PHMS: What to measure? (Motor)

COMPONENT Physical characteristics to be 
monitored

Rotor Shaft Bearings - Radial accelerations in different FEV locations   
(e.g. drive-end; fan-end)

Rotor Magnetic Field 
Source 

- Temperature in the motor
- Stator Currents
- Stator Voltages

Stator Windings - Temperature in the motor
- Stator Currents
- Stator Voltages

� Analysis of the physical characteristics related to the component degradation
� Cost
� Reliability
� Accuracy

� Analysis of the detectability, diagnosticability and prognosticability of the identified
component failure modes using the proposed physical characteristics



5A. Signal monitoring assessment (PMSM)

Parameters
Measurement 

device

Intrusive to 
electrical
machine

On/off 
line

Measurement
frequency

Ready in 
commercial 
motors/Part 
of control

Cost
Aprox. 

Sensor prize
Implementation 

cost
Accuracy Feasibility

Current
Hall effect 

sensor (LEM)
No On Continous Yes medium 20 � - 150 � low

<+-1 % error of IPN when 
measuring it at 25”C. Linearity 
is maintained until 1.5 times 

Ipn, with thermal drift as low as 
0.3mV/K. Low noise 

Already used in 
commercial applications 

for control purposes, 
should be installed.

Voltage

DVM No On Continous Yes low - medium

No data available. Related to 
thermal drift of theresistors 

used. Dependance on analysis 
methods used. 

Very low cost and direct 
meausement, without the 

need of transducers. 
Low safety factor for 

data acquisition system 
for lack of protection 
under overvoltage 

conditions.

Voltage 
transducer

No On Continous No medium 50,00 � low
<+-0.9 % error of IPN when 

measuring it at 25”C. Linearity 
error is less than 0.2%. 

Higher cost than DVM, 
but the high voltage is 

isolated from 
measurement device. 



5B.PHMS: What to measure? (Control)

� Analysis of the physical characteristics related to the component degradation
� Cost
� Reliability
� Accuracy

� Analysis of the detectability, diagnosticability and prognosticability of the identified
component failure modes using the proposed physical characteristics

COMPONENT Physical characteristics to be 
monitored

Capacitor - ESR (Equivalent Series Resistance)
- Capacity (back-up)
- Inner or Surface Temperature

IGBTs - Collector current and voltage
- Collector-Emitter On Voltage (VCE-ON)
- Case Temperature



5B. Signal monitoring assessment (Capacitor)

Parameters
Measurement

device
Intrusive

On/off 
line

Measurement
frequency

Ready in 
commercial 

drives/Part of 
control

Cost
Aprox. 
Sensor 
prize

Implementation 
cost

Accuracy Feasibility

Resistance ESR meter Yes On At start No medium 30,00 � high

Related to 
temperature drift of 
components of the 
PCB. Further tests 

are required.

A PCB manufacturing is required 
for the measurement of this 

characteristic. It is very intrusive 
for the inverter and the DC Bus. 

However, it profoundly 
demonstrated in the literature that 

it is related to the capacitor 
degradation, therefore it is highly 
recommended its implemetation

Capacity DVM No On At start No low - high

No data available. 
Related to copper 

expansion coefficient 
at 125”C. Great 

dependance on data 
analysis method 

used. Highly 
onfluenced by 
electric noise

It requires high computation 
needs to store and analyse the 

precharge slope. However, 
capacity increase with capacitor 

degradation is a well studied 
consequence in literature. Its use 

is recommeded

Temperature Thermocouple Yes On Continous No medium 60,00 � medium

Exceeds special 
limits error and EN 
60584-2: Tolerance 

Class 1

The temperature rise in normal 
operation conditions is related to 
the degradation of the capacitor, 

thus, it is very recommended.



PHMS
Algorithms 

Development
(Motor)

6A. PHMS algorithms development (Motor)



6A.PHMS architecture (motor)

Deviation from 
normal operation

OK

DETECTION

Bearing Radial Acceleration

� Bearings: inner race failure
� Bearings: outer race failure
� Bearings: balls failure
� Rotor Magnetic Field Source: Loss of magnetic field
� Stator Windings: Short/open circuit 

DIAGNOSIS

Electromagnetic Flux

RUL
+

Uncertainty

Magnet Temperature

Stator Current

Motor Temperature

Stator Voltage
Motor Speed

Chassis Vertical 
Acceleration

Bearing 
Temperature

Motor Vibrations

PROGNOSIS



PMSM
Loss of magnetic field

6A. PHMS: PMSM ���� Loss of magnetic field



Proof of Concept
� Theoretical Model Development: Stator Current Analysis for detecting the 

and assessing the demagnetization level.
� Code Implementation: HHT Analysis of the stator currents (Matlab)
� Internal Validation: VTT Simulation Dataset - Transients Signals 
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6A. Algorithm: PMSM



6A. Loss of magnetic field: PHMS

PHMS� Stator Currents

Demagnetization 
Level 

Assessment

Degraded
Diagnosis of the degradation level 

(Level of demagnetization)

Normal 
Conditions

Diagnosis Technique: 
HHT Spectrum

Analysis



6A. Loss of magnetic field: available information

VTT Simulation Dataset:

� 20 Available Transients:

� 10 Transients ���� Constant Speed
� 1 Transient simulating motor normal conditions (100% Flux Linkage)
� 9 Transient simulating motor abnormal conditions (The flux linkage of the motor varies from the 

10% of the nominal value to the 90%: it is maintained constant during all the simulation)

The degradation of the magnetic field source which produces the loss of magnetic field is 
represented by the reduction of the flux linkage

� 10 Transients ���� Variable Speed, Constant Acceleration
� 1 Transient simulating motor normal conditions (100% Flux Linkage)
� 9 Transient simulating motor abnormal conditions (The flux linkage of the motor varies from the 

10% of the nominal value to the 90%: it is maintained constant during all the simulation)

� Simulated signals:
� Stator currents
� Electromagnetic torque
� Stator back EMF
� Stator Voltages
� Motor speed (rpm)



6A. Loss of magnetic field: Algorithm development

Stator Currents
(VTT simulation)

Empirical Mode Decomposition (EMD):
Decomposition of the signal into 

intrinsic mode functions (IMF)

Computation of the Hilbert-Huang 
Transform (HHT) of the IMF

Analysis and comparison of the
computed HHT spectra

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-3

-2

-1

0

1

2

3
Stator current (A) - Normal Condition

Time
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

-3

-2

-1

0

1

2

3
Stator current (A) - Degraded Condition

Time



10 20 30 40 50 60 70 80 90 100 110 120

-2

-1

0

1

2

IMF 1;   iteration 0

10 20 30 40 50 60 70 80 90 100 110 120

-1.5

-1

-0.5

0

0.5

1

1.5

residue

Residue = s(t)

I1(t) = Residue

i = 1

k = 1

while Residue not equal zero or not 

monotone

while Ii has non-negligible local mean

U(t) = spline through local 

maxima of Ii
L(t) = spline through local 

minima of Ii
Av(t) = 1/2 (U(t) + L(t))

Ii(t) = Ii(t) - Av(t)  (�residue�-->)

i = i + 1

end

IMFk(t) = Ii(t)

Residue = Residue - IMFk

k = k+1

end

Empirical Mode Decomposition (EMD)



Now that we have a set of IMFs

construct their analytic counterparts using the Hilbert transform.

The Hilbert Spectrum

� Now we can look at f(t) in time and frequency space simultaneously.
� Instantaneous frequency is given by the derivative of the phase angle.
� The Hilbert spectrum H(ωωωω,t) gives the instantaneous amplitude (~energy)

as a function of frequency.
� A plot of H(ωωωω,t) provides an intuitive, visual representation of the signal

in time and frequency.



Ex: EMD for a Test Signal with Known Components



Hilbert Spectrum for EMD of Example Signal



7A. Algorithms (Motor � Loss of Magnetic Field)

Feature Extraction

- Spectrum of the Hilbert-
Huang Transform (HHT) 

of the Stator Current

MAGNETIC FIELD 
SOURCE

�Stator Currents
Degraded

Diagnosis of the degradation level 
(Level of demagnetization)

Normal 
Conditions

Spectrum
Analysis

Stator Current HHT Spectra
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-./ 0./

1./ 0./

2./ 0./

3./ 4./

5./ 4./

6./ 7./



7A. Algorithms (Motor � Loss of Magnetic Field)

Accuracy of the methodology

0.00
0.20
0.40
0.60
0.80

20% Flux
Linkage

50% Flux
Linkage

80% Flux
Linkage

100%
Flux

Linkage

90% Nominal Flux Linkage

0.00
0.20
0.40
0.60
0.80

20% Flux
Linkage

50% Flux
Linkage

80% Flux
Linkage

100%
Flux

Linkage

40% Nominal Flux Linkage

0.00
0.20
0.40
0.60
0.80

20% Flux
Linkage

50% Flux
Linkage

80% Flux
Linkage

100%
Flux

Linkage

70% Nominal Flux Linkage

0.00
0.20
0.40
0.60
0.80

20% Flux
Linkage

50% Flux
Linkage

80% Flux
Linkage

100%
Flux

Linkage

30% Nominal Flux Linkage

0.00
0.20
0.40
0.60
0.80

20% Flux
Linkage

50% Flux
Linkage

80% Flux
Linkage

100%
Flux

Linkage

60% Nominal Flux Linkage

0.00
0.20
0.40
0.60
0.80

20% Flux
Linkage

50% Flux
Linkage

80% Flux
Linkage

100%
Flux

Linkage

10% Nominal Flux Linkage



Proof of Concept
� Theoretical Model Development: Stator Current Analysis for detecting the 

and assessing the demagnetization level.
� Code Implementation: HHT Analysis of the stator currents (Matlab)
� Internal Validation: VTT Simulation Dataset - Transients Signals 

Verification 
� Experimental design and execution: Simulation of transients characterized 

by different acceleration (VTT) 
� Code tuning and verification: Verification of the method on transients 

characterized by different acceleration

7A. Algorithm: PMSM
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PHMS
Algorithms 

Development
(Control)

6B. PHMS algorithms development (Control)



6B. PHMS architecture for the control

Gate 
Current

ESR

Deviation from 
normal operationOK

DETECTION DIAGNOSIS

RUL
+

Uncertainty

PROGNOSIS

Collector-
Emitter ON 

voltage

Junction-to-
case thermal 

resistance

Capacitor 
Surface 

Temperature

Capacity
Collector 
Current

IGBT Surface 
Temperature

� DC Bus Link capacitor: Vaporization of the electrolyte
� IGBTs: bond wire lift-off
� IGBTs: die attach degradation
� IGBTs: solder-joint degradation



Capacitor

6B. PHMS: Capacitor



Proof of Concept
� Theoretical Model Development: Degradation Physical Model
� Code Implementation: Particle Filtering Technique (Matlab)
� Internal Validation: Simulated Degradation Trajectory

6B. Algorithm: Capacitor
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6B. Capacitor: PHMS

Uncertainty Management: PARTICLE FILTERING METHOD

PHMS

� Capacitor Surface 
Temperature

� Equivalent Series 
Resistance

RUL
Estimation

+
Uncertainty 

� When are they measured?

- ESR: start and turn off of the car 

- T: every 10 minutes during the trip 
an at the start up and the turn off

� When is provided?

- Provided at start and turn off 



6B. Capacitor: Particle Filtering Approach



Prognostic task (I+II):

- Development of the ESR evolution physical model for the Capacitor (I) 

- Estimation of the necessary time to reach the failure state (RUL) (II)

6B. Capacitor: Algorithm Development (I)

tTCetTESRtESR )()0,()( ==
C(T) is a function of the temperature: if the
temperature is constant, then the parameter
C is constant during the whole aging of the
capacitor



6B. Capacitor: Algorithm Development (II)

- Development of the ESR evolution physical model for the Capacitor: 

- Arrhenius equation: (1)

-Influence of T on the ESR (0): (2)

-ESR evolution with time: (3)

- ESR % evolution with time: (4) 

)(
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By considering the percentage of ESR increasing (%) instead of its absolute value (Ohm) we do not need to 
know the relationship between the temperature of measurement and the measured ESR value 
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)%(
),0(

),(

),0(

),(
)%( 2

2

2

1

1
1 TESR

TESR

TtESR
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TESR obsobs ===

If we measure the ESR of a capacitor at different 
temperature  we obtain different ESR value, but the  
NEW degradation index ESR% is the same !



Laboratory Experiment for the investigation of

at different measurement Frequency 

7B. Capacitor: Algorithm Development (III)
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7B. Capacitor: Algorithm Application
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Uncertainty Management: PARTICLE FILTERING METHOD
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Proof of Concept
� Theoretical Model Development: Degradation Physical Model
� Code Implementation: Particle Filtering Technique (Matlab)
� Internal Validation: Simulated Degradation Trajectory

Verification 
� Experimental design and execution: Real Capacitor Degradation Experiments 

Code tuning and verification: Verification of the method on real degradation 
data

7B. Algorithm: Capacitor
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� European Commission sets the goal of 20% reduction of greenhouse 
emissions within 2020

� FEVs (Fully Electric Vehicles) can be a solution 

� Actual FEVs technologies:

� Safety requirement not fully satisfied
� High maintenance cost

It is necessary to:

� Reliability Availability 

PHMS (Prognostic and Health Monitoring System)

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (I)



� Compare Reliability and Availability of:

FEV FEV + PHMS

� How does the PHMS performance influence the FEV Reliability 
and Availability?

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (II)



� Failures A and B occur 
independently

� Failure A is abrupt and 
unpredictable

� Failure B is preceded by 
component

Generic FEV system

Subsystem
A

Subsystem
B

PHMS

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (III)



Subsystem A Subsystem B

PHMS

State 0
Safe

State 1
Failed

State 0
Safe

State 1
Failed

State 0
Safe

State 1
Degraded

State 2
Failed

PHMS

λλλλA

µµµµA

λλλλPHMS

µµµµPHMS

µµµµB

λλλλDEG λλλλW

λλλλDetµµµµDEG

PHMS can only detect the degraded state 
of subsystem B 

Once the PHMS has detected the degraded 
state of subsystem B, the repair starts 

instantaneously

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (IV)



Diagram of the system states and transitions in absence of a PHMS Diagram of the system states and transitions in presence of a PHMS

State Failure Mode A Failure Mode B PHMS Failure System State
0 No No No Safe
1 Yes No No Failed
2 No Degraded No Safe
3 No No Yes Safe
4 No Degraded Yes Safe
5 No Yes Yes Failed
6 No Degraded Detect Safe
7 No Yes No Failed
8 Yes No Yes Failed
9 Yes Degraded Yes Failed

10 Yes No No Failed

State Failure Mode A Failure Mode B System State
0 No No Safe
1 Yes No Failed
2 No Degraded Safe
3 No Yes Failed
4 Yes Degraded Failed

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (V)



Method: Monte Carlo Simulation

� Simulation of the system history

� Collection of the system state in each bean

� Computation of the system Reliability and 
Availability

0 0 00 0 0 0 011

Failure Repair
TmRepeat 

several 
times

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (VI)



Transition Time Distribution Parameter

Type A Exponential �a = 1.2*10-4 h-1

Type B Weibull �w = 14 , �w= 2.3

PHMS Exponential �phms = 2.5*10-6 h-1

Degradation Exponential �deg = 9.4*10-5 h-1

PHMS detection Exponential �det = 0.2258 h-1

Repair Type A Exponential �a = 0.0833 h-1

Repair Type B Exponential �b = 0.00833 h-1

Repair detection Exponential �det = 0.0417 h-1

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (VII)



Results Without PHMS With PHMS Gain

Reliability 0.6523–1.51*10-3 0.7605–1.35*10-3 + 10%

Availability 0.9883–1.07*10-4 0.9948–5.23*10-5 + 1%

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (VIII)



Sensitivity analysis ���� Reliability

��

PHMS detection rate

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (IX)



Sensitivity analysis ���� Availability

�A

Asymptotic limit due to 
failures of type A

PHMS detection rate

8. Assessment of the PHMS benefits to FEV reliability and 
availability ���� Example (X)



8. Assessment of the PHMS benefits to FEV reliability and 
availability���� Example (XI)

� Effect of PHMS:

- Reliability ���� No PHMS With PHMS Large Gain

- Availability ���� No PHMS With PHMS Low gain

� Increasing the detection rate above a given value is not useful:
- No remarkable improvements in terms of Reliability and Availability 

� Future work
-PHMS ���� RUL �Predictive maintenance�
Computation of Reliability and Availability of the system 




