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Outline

* Project rationale and goals

* Reference machine
e Past accomplishments within 16 MO2 (diagnostics)
* Research approach for prognostics

* Conclusions and future works

possible applications
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Project rationale

Electro-Hydraulics (EH) 2017 Bianchi R., Ritelli G. F., Vacca A. “Payload oscillation reduction in

a well established technology load-handling machines: A frequency-based approach” Proceedings of
the Institution of Mechanical Engineers, Part I: Journal of Systems and

Control Engineering

Control

EH has enabled advanced control
techniques

Limited research effort for
combining EH control with
Prognostics and Health
Management (PHM)

16MO02 slide 3 Andrea Vacca
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RESEARCH CENTER

Project rationale

Ritelli, G.F., Vacca, A. 2014, "Experimental-Auto-Tuning Method for Active Vibration Damping Controller.
The Case Study of a Hydraulic Crane" 9th IFK, Int. Fluid Power Conference, March 24-26, Aachen, Germany
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Project rationale

Electro-Hydraulics (EH)
a well established technology

EH has enabled advanced control
techniques

>  Combine Control and PHM
Limited research effort for

combining EH control with
Prognostics and Health
Management (PHM)

machine maintenance
downtime costs reduction

16MO02 slide 5 Andrea Vacca
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..to formulate a control approach for load handling hydraulic machines that
combines advanced control features (such as oscillation damping features)
with system diagnostics/prognostics functions

Operator command

Control

sensors

Additional

sensors

ECU
- - T T T === I
' I
>: Control ! | Valve control
| algorithm | | output
> : !
I E Control features
I [l :
I
I Diagnostic : - System
algorithm : > diagnostics/
:_ : prognostics

PHM: Prognostics and Health Management
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Telescopic stages

Outer Boom actuator

Main Boom actuator

Swing actuator
Atlas 125.1 A4

Y

Weight 1740 [kg] Tee
Load capability 5+0.51 [t] depending on the extension

Slewing range 410°

Max operating pressure 270 [bar]

Number of extensions 4

Hydraulic Range 12.3 [m]

Mechanical Range 16.1 [m]

16MO02 slide 7 Andrea Vacca
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16MO2 accomplishments —

Independent Metering Valve block

Unloading Valve Meter Out valve

Meter In Valve

Post compensator

P ik
S oy ‘
J ‘ ‘ - |
N = ;
i R
‘ 1 | |
T | L . L
R S— — S S ——— ——
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16MO2 accomplishments

Fluid Power Innovation & Research Conference Crane numerical model
October 10t - 12th 2016

Kinematics
Campanini, F., Bianchi, R., Vacca, A., Casoli, P, 2017, A N
- Mty 8

"Optimized Control for an Independent Metering Valve with MESi il
i G
Integrated Diagnostic Features" ASME/Bath Symposium on A Sim ' ‘-‘L‘i _
. . _ -5;
;Iglui P;)a\/;/:JOingl\lfloJ;zn Control, FPMC 2017, Oct. 16-19, MATIAR
’ T SIMULINK
1
OB unfoldi al Y |-
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: i
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@®© | =
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16MO2 accomplishments

Independent Metering controller

Fluid Power Innovation & Research Conference

October 10t - 12th 2016 * Velocity control through the meter-in
valve
CCEFP Industry — University Summit, April 4th - 6th 2017
e Pressure control through the meter-
Campanini, F., Bianchi, R., Vacca, A., Casoli, P., 2017, out valve
"Optimized Control for an Independent Metering Valve with ° Tunable Pl control to minimize Steady

Integrated Diagnostic Features" ASME/Bath Symposium on state error and blant uncertainities
Fluid Power and Motion Control, FPMC 2017, Oct. 16-19, o P
2017, Sarasota, FL, USA uncertainties

Andrea Vacca
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16MO2 accomplishments

Campanini, F., Bianchi, R., Vacca, A., Casoli, P., 2017, Correlation between controller cost

"Optimized Control for an Independent Metering Valve with functions and faults
Integrated Diagnostic Features" ASME/Bath Symposium on

Fluid Power and Motion Control, FPMC 2017, Oct. 16-19,
2017, Sarasota, FL, USA

Healthy Faulty

Volumetric efficiency 0.95 0.65
Meter-in friction 1 20

Cylinder friction 1000 7500

Unloading valve
friction

11

Outer boom extension

16MO0O2 slide 11 Andrea Vacca
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16MO2 accomplishments

CCEFP Industry — University Summit Diagnostic algorithm

April 4th - 6th 2017 » Selection of a data-driven approach (NN)

* Fault selection (pump, 2 valves, cylinder)

e Cost functions definition

* Progressive reduction of the number of
sensors, 4 pressure sensors currently

CCEFP Webinar
November 15th 2017

used
Volumetric efficiency Cylinder friction
*  target *  target o
1 ¢ o output o output o
08 oy 1 08 P,
5 o 5
8 067 8 067
3 KR 3 * 8
=z 047F =z 04+
= % Z ¥ x
02 ° 1 02+ o
@] 0]
0-%@ Q@@@Q@ﬁ%@@@@@ﬁ%ﬁ@@%@%@@* 0-%@%%%@%&@@@@@%%&** RREBEDB K
O
-0.2 ' ' ' -0.2 ' ‘ '
0 10 20 30 0 10 20 30
case case
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16MO2 accomplishments

CCEFP Industry — University Summit Experimental validation

April 4th - 6th 2017 * Dedicated experimental set up
e Reproduction of faults

CCEFP Webinar
November 15th 2017
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Pipe

Z o
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Prognostics

| PROGNOSTICS
VS
DIAGNOSTICS
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4 Failure
propagation :
Damagethreshold
———————————————————————————— i /
f'/ J'; f
/ !
, /.
i
i
/
Prognostics /
. . / ’
RUL estimation -~ //
=
/ Y _aa p _—
Current state Brd i

Diagnostics

DEFINITION OF A PROGNOSTIC ALGORITHM WITH THE
CAPABILITY OF ESTIMATING THE REMAINING USEFUL LIFE

(RUL) OF THE HYDRAULIC COMPONENTS

Andrea Vacca
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_ Independent
. metering control

Open center valve block

control valve
block

L
-
-
-
\J
.

* *
.
0..-‘$
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SIMPLIFIED HYDRAULIC SCHEMATIC

* FIXED DISPLACEMENT PUMP
* OPEN CENTER DIRECTIONAL VALVE
* CYLINDER ACTUATOR

FAULT INJECTION

* PUMP EFFICIENCY
* VALVE SPOOL BLOCKAGE

SIMULATION AND DATA ACQUISITION

* FLOW AT CYLINDER INPUT
* VALVE INPUT CURRENT

REMAINING USEFUL LIFE ESTIMATION

Andrea Vacca
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Prognostics

Valve opening evolution

10002008¢ 00008009 g 1+ Weibull hazard function
l shape
98
- e Several run-to-failure
o %6 simulation
£
S o4 * Various working
(o
o temperature as factor of
g = influence:
o o
> - 10 c’C
- 20°C
88 ] - 30°C
b - 40°C
86 ' ' ' ' ' ' ' - 50°C

0 50 100 150 200 250 300 350 400
Working hours [h]
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PrOgnOStICS F; :Flow atcurrent time
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F;_4: Flow at previous time

OFF-LINE PHASE C; :Startinginput at current time

C;_1: Starting input at previous time
t; :Age atcurrenttime

t;_q1 : Age at previous time

|
MONITORING
DATA ACQUISITION

MATLAB

16M0O2 Andrea Vacca
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P;: Life percentage at current working time

t;: considered monitoring time
t.
P; = F—; - 100 [%] where FT: Failure time of the data set

RUL;: Remaining useful life

Valve opening evolution

100

| p.= 100 =22 100 = 75 ¢
LTOFT ~ 400 -

96

Valve opening related
to considered age

RULl — 100_Pi= 100—75=25%

92 r

Valve opening [%]

90
Considered time instant

88 r t |

l . .

\,\ A Failure time of the

86 : ' ' ' ' ® ' ®

0 50 100 150 200 250 \ 300/ 350 @ data set (FT)
Working hours [h]

16MO02 slide 19 Andrea Vacca




Mahm_ Power PURD_UE CENTER FOR COMPACT AND EFFICIENT FLUID POWER <‘

RESEARCH CENTER

Prognostics

A National Science Foundation Engineering Research Center

P;: Life percentage at current working time

t;: considered monitoring time

t.
= . 100 [%] where FT: Failure time of the data set

Pi -
FT

Valve opening evolution

Bébluti&eraininegseful !ife

100
100
90
98 I 80 +
B S i R R i R
S o6t o !
[@)] . E 60 F
£ Valve opening related s I
| =} Q4 + .
24 to considered age O 50 !
(o) s I
@ 3 .
S 92 5 40 I
© 5] '
> o 30t "
90 1 o
Considered time instant 20 | !
L |
” £ L 0f
\/\ Failure timgof the !
86 ' : : : ®

dataset (FT3) 100 150 200 250 300 350 400
Working hours [h]
Andrea Vacca

0 50 100 150 200 250 \ 300
Working hours [h]
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ISOLATED FAULT ANALYSIS
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COMPONENT LIFE
DISTRIBUTION

\ 4

PUMP FAULT
Simulation and data
acquisition

\ 4

A\ 4

VALVE FAULT
Simulation and data
acquisition

Pump related N.N.
definition and training

\ 4

\ 4

Valve related N.N.
definition and training

Life % estimation

A\ 4

Life % estimation

slide 21
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100

90

80

Life percentage [%]

20

10 1

70

60

50

40t

301

Prognostics
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ISOLATED FAULT RESULTS

VALVE

Life percentage evolution - Valve network

—e— Expected valve life percentage
- ¥ Estimated valve life percentage

0 50 100 150 200 250 300 350 400 450

Working hours [h]
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ISOLATED FAULT RESULTS
VALVE
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Life percentage evolution - Valve network

100 r —e— Expected valve life percentage
-« Estimated valve life percentage

90

=3.9779

80

RMS :\/Z?=1(Ynet(l')—Yact(i))2

n
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Y. —Y
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Yoct
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301
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Working hours [h]
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ISOLATED FAULT RESULTS
PUMP

Life percentage evolution - Pump network

—e— Expected pump life percentage
-3 Estimated pump life percentage

0 50 100 150 200 250 300 350

Working hours [h]
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Life percentage evolution - Pump network

70

60

50

40

301

—e— Expected pump life percentage
-3 Estimated pump life percentage

30°C ﬂ

40°C ﬂ

50 100 150 200 250 300 350
Working hours [h]

Andrea Vacca




Mahm Power PURDUE CENTER FOR COMPACT AND EFFICIENT FLUID POWER <.

RESEARCH CENTER @ A National Science Foundation Engineering Research Center

Prognostics
COMBINED FAULTS ANALYSIS
COMPONENT LIFE
DISTRIBUTION
PUMP & VALVE
! FAULT COMBINATION !
Ppump Pvalve
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COMPONENT
REPLACEMENT |
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Life percentage - Pump case
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Extended life evolution

—— Valve life evolution | |
—=— Pump life evolution

0 200
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600 800 1000 1200 1400 1600 Andrea Vacca
Working hours [h]
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Prognostics

VALVE MONITORED
PARAMETERS

EXTENDED LIFE

SIMULATION

PUMP MONITORED
PARAMETERS
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Prognostics

Life percentage - Pump case

Actual pump life evolution
=====Estimated pump life
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Life percentage - Valve case

Actual valve life evolution
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FUZZY LOGIC
MOTIVATIONS STRUCTURE
 Errors intuitively predictable * Itis composed by If (...) then
(...) rules
e Strict logic approach is not * |Input/output membership
suitable not strictly imposed
e Quite flexible structure * Mimics human reasoning
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Algorithm improvement £
INPUT —m = 4 _‘ ) ) V5200255 0— OUTPUT

RULE-BASED

\ INFERENCE /

A National Science Foundation Engineering Research Center

Computation of MEMBERSHIP
VALUE with respect to

CONSEQUENT statement
Definition of a set of ~ Common LOGICAL OPERATOR can
If (...) then (...) rules be implemented

Rules are based on EXPERIENCE
and mimic HUMAN REASONING
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Prognostics

Algorithm improvement

VALVE
MONITORED
PARAMETERS

VALVE

\ 4

0

EXTENDED LIFE

FUZZY LOGIC SYSTEM

SIMULATION

tpump: Current age of the pump

PUMP t,a1ve: Current age of the valve
MONITORED
PARAMETERS P ump: Estimated life of pump

P ,a1ve: Estimated life of valve
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* |Instrumented reference machine with an independent metering system
* Model validation
* Definition of a control strategy for the independent metering
* Diagnostic algoritm with data driven method (neural network)
* Today’s presentation:
e Basic idea for prognostic algorithm
* Verification tests on open-center system

* Introduction of fuzzy logic tobetter handle cuncurrent component degradation

Future work

* Extension of the prognostic algorithm to the complete crane model

* Experimental validation of both diagnostics and prognostics methods
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Project Overview At A Glance

Research goal
To formulate a diagnostic algorithm for load
handling machines that combines diagnostic
and prognostics with control features present
on the machine

Research approach
The proposed approach for diagnostic and
prognostics is based on a neural network
and considers cost functions as features for
evaluating the state of the system.
The cost functions are defined to be a
representation of the action of the controller
on the machine.

This project is in line with CCEFP vision to
“Increase  energy efficiency in FP
applications”, “Improve the reliability of fluid
power systems” and “Build smart fluid power
components and systems”.

Major Objectives or Deliverables

To formulate a general and self-tuning
control algorithm suitable for oscillation
damping and for control of valve
controlled systems, including
independent metering systems.

|dentification of a prognostic method
suitable to handle concurrent component
degradation.

Next Steps

Experimental validation of the diagnostic
technique.

Test of the prognostic technique on the
complete model of the reference
machine.

Perform tests for the validation of the
prognostic algorithm.
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Thank you !

Control and Diagnostic of Electro-Hydraulic Machines

Project Pl & presenter

Dr.
Andrea
Vacca

avacca@purdue.edu

Maha Fluid Power Research Center
Purdue University
https://engineering.purdue.edu/Maha/
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