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ABSTRACT

This paper describes the model-based fault detection and
diagnosis for electromagnetic actuators. Due to hysteresg-
havior, the model of Jiles and Atherton is used to captursdhe
hysteretic effects. It is shown that the use of this modeltemn
superior model fidelity and allows to detect even tiny, ifgip
faults at the actuator. The method has been applied to atdirec
driven proportional valve of an electro-hydraulic servdsaand
has been tested extensively on a real testbed.

INTRODUCTION

Electromagnetic actuators increasingly replace the tradi
tional, purely mechanically, pneumatically, or hydraalig
driven actuators. In the area of electro-hydraulic senasasli-
rectly driven proportional valves replace in many applaag the
two-stage valves with the traditional nozzle-flapper carcton
controlled by torque-motors. Wear and tear due to abrasian,
sion, and excessive temperature can severely degrade d¢ne op
ating time. Furthermore, the ongoing integration of elatiag-
netic actuators in mechatronic systems, puts even moreasigph
on the need to detect and diagnose faults autonomouslyalSign
based methods such as limit checking or trend checking,hwhic
so far have mostly been applied in industry, do not allow tke d
tection of tiny, incipient faults. Typically, the fault bemes large
without being detected and therefore, the plant must imatelyi
be shut down when the fault is detected by classical methdsls.
ing modern, process-model based methods, it is howevei-poss
ble to detect and diagnose faults in a much earlier stagehasd t
prevent the shutdown of the plant by means of fault-manageme
methods, such as reconfiguration of the control, switclowveyr
from a defect to an intact component. The paper will present
the design of such a model-based fault detection and diggnos
system for electromagnetic drives.
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Figure 1. 4/3 PROPORTIONAL VALVE

Model-Based Fault Detection

Electromagnetic actuators contain different energy cenve
sion mechanisms, [1]. First, the electric energy supplied t
the actuator is converted into magnetic energy, which isesub
guently converted into mechanical energy. Faults can ttffec
electro-magnetic conversion as well as the magneto-méchan
conversion. Therefore, in this paper a model is presented
that covers both the electro-magnetic as well as the magneto
mechanic energy conversion. The model-based fault detecti
and diagnosis is developed for a direct driven proportienble
with four ports (see Figure 1) but it can be applied to mangoth
electromagnetic actuators as well. The position of the evalv
slider affects the volume flow rate over the four control exdge
of the proportional valve. The position of the valve slidsr i
measured with a linear variable differential transformed &
controlled by an underlying slider position controller. eTtwo
electromagnets allow to displace the slider continuouslydth
directions. The electro-magnetic part can be described by

L OPa (X,ia) OX . OPa(X,ia) Oia

Ua(t) = Rala(t) ax ot dia ot

@)
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A prediction error minimization) and measurements on thibéets
the model parameters are identified. In the fault-free chse t

Ry | residualsr, andrs are close to zero. Only noise and model un-
- certainty lead to small amplitudes. If a fault occurs insilde
- % ia ro coil (e.g. partial winding short) or in the power electranie.g.
up — ﬁ — [ - > faulty current sensor signal) the residuals deflect and ladan
2 be detected. For the control of electromagnets, one differe
ates between voltage-based and current-based controlad-he
(ji—; —[ |« d@g@ < vantages and disadvantages of the two control strategiedear
scribed in [1]. The dynamic model presented can be used for
z i both control strategies. At the testbed the power suppfi¢giseo
two electromagnets are realized as H-bridges. Thus, thages
Figure 2. MODEL STRUCTURE RESIDUAL 2 supplied to the two electromagnets resemble square wawks an
cause a permanent rise and fall of the currents. The curesiten
i NP does not only contain a quasi-stationary DC part, but algp-a r
up(t) = Reig(t) + anB(g;(’ 1) %X awBa(i);’ L 6;78 2 ple. This ripple occurs under current-control as well asdaad

puls-width modulation control. The hysteretic effectsrgrand
rs can be neglected as the model fidelity is sufficient enough to

with detect critical faults in the electro-magnetic part of théve. The
Ra,Rs : resistance (magnet A, magnetB)
Wa, Ys : fluxlinkage (magnet A, magnet B)
Ua,Us . coil voltage (magnet A, magnet B) A B
iaiBg . coil current (magnet A, magnet B).

The eletromagnets used in the direct-driven proportional
valve at the testbed are common DC magnets without the
adaption of the force-air gap characteristics (the matchjart

of the armature is not optimized). Therefore the flux linkage P T
can be simplified as

Wa(Xia) =ia-La(X) ©) \\
Vs (i) =5 Le(x). @) N St
Equations 1 and 2 can be formulated as S

ua(t) = (RAiA(t)+iA~ dLa(¥) dX+L X dlA) (5)

ax at TG
dLB(X) dX+L diB). (6)

UB(t)<RBiB(t)+iB~ o dt B(X)E

Figure 3. HYDRAULIC SCHEME OF 4/3 PROPORTIONAL VALVE

In order to detect faults in the electro-magnetic part, vaddting
residuals (also described in [8], [9]) can be formulated

slider of the direct driven proportional valve controls thdume
ra(t) =ia— iA @) flows (Figure 3:Qpa,Qar,Qps andQgT) over the conrol edges.
rat) =i — is. @) Figure 3 shows the schematic assembly of the 4/3 slider vaive

order to detect faults in the magneto-mechanical part ofahes

Newton’s Second Law is considered. The equation
The residuak, describes the difference between the measured

currentia and the expected current in coil A. The difference

between the measured currégtand the expected currens MX = Fg(X,ig) —Fa(X,ia) —dx—cx—F—Fy 9
in coil B is described by the residuad Figures 2 and 4 illus-

trate schematically the model structure of the residual® &n

By identification techniques (least-square parametemesion, with
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Figure 4. MODEL STRUCTURE RESIDUAL 3 Figure 5. MODEL STRUCTURE
be completely described by
He=H+aM (12)
H a
Man = Ms {coth<E> - H} (13)
m slider mass a E
d damping constant am _ CdMa” +(1-c¢) Man — Mirr (14)
c spring constant dH dH Ok — a (Man— Mir)
F friction force . dH
R flow forces 0= sig dt (15)
describes the forces exposed to the slider. Because the M = / dﬂdH (16)
DC electromagnets can only induce either a compressive or a dH
traction force, two electromagnets are required for positig. M = CMan+ (1 —¢)Mir (17)
In order to change the slider position the control law B=pp(H+M) (18)
with the parameters
a : interaction of domains
a . material-specific constant
la=1lo—Al (10) k : pinning constant
Ig =lp+Al. (11) Ms : saturation magnetisation
c . reversibility coefficient.

In order to map theB-H hysteresis onto &-1 hysteresis
and thus model the current-force relation of the electramgg

: . . . . Maxwell's equation can be applied:
is used. This control law is well-known and is used in manyoth g P

applications (e.g. magnetic bearings). Researches opstized

show the need of a precise mathematical description of the no Hrelte +Haglag = NI (19)
linear hysteretic characteristics of the two DC electrongdg in

order to detect small faults. Without modelling the hystiere Hee : field strength (ferromagnetic circuit)
characteristics, only large faults in the magneto-medzmart Hag : field strength (air gap)

of the valve can be detected. Hysteresis effects [4] do nigton  Ife  :  ferromagnetic circuit length

influence the dynamics of electromagnets, but can also belfou lag : airgaplength

in many other actuators, such as e.g. piezo actuators. Iy man N : number of turns.

cases these hysteretic effects are neglected or simplylledde  The traction force of the magnet can be described by
by using look-up tables. This however results in a low model

fidelity. The Preisach model or the Jiles-Atherton modeltan t B2
other hand provide a much higher model fidelity. Because of F=—-A (20)
physical interpretability and a good proportion of compiotaal
effort and model fidelity the the Jiles-Atherton approachhis-
sen.

The Jiles-Atherton model is detailed explained in [5] and ca

Ho : air permeability
A : active surface.
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Excitation signal

position sensor

Figure 6. MEASUREMENT SETUP

o L AV A _— .
Figure 5 shows the whole model structure. The inputs of ' ' \
the model are the current and the slider position. The output o 10 20 30 4i0 50 =
is the traction force of the DC electromagnet. With the hdlp o t/sec
the embedded Jiles-Atherton model the hysteretic magfielic
intensity versus the flux density characteristic is congideThe = const
parameters(X),ca(X) and cg(x) in the model structure (see
Figure 5) can be evaluated as I 7~ F
— 7 —>
lag(X)
Ca (X) = |fe(x) (21) o Curre'nt—force hystt'aresis
AKX
o =— 22
B(X) 20 (22)
N
CH(X) = —— (23)

lfe(X)”

To identify the model parameters the magnet B of the hydrauli
valve is separated and a load cell is mounted on a high preci-
sion positioning table (see Figure 6). The table allows &ngle

the slider position and hence to change the air gap. Since the
Jiles-Atherton model parameters can not be identified witlao
estimation approach, a loss function must be formulatede Th

F/N

“““““ S| — measurement| 4
: : ---model

measured values are converted by an analog to digital cenver o . . . .
. . . . . 0 0.5 1 15 2 25
and hence a time-discret loss function is defined 1A
2 - 2
L= [Fmeasurelk) — Fmodelied k)] - (24) Figure 7. HYSTERESIS CURVE
K=1

The quadratic loss functidnis minimized using a minimization with . :

k ) . ; . p : fluid density
algorithm [6]. Figure 7 shows the excitation signal thatdsdito i
S : Q12 : volume flow (1,2)
identify the parameters. Because of the decreasing cuarant via velocity (1,2)
plitudes minor loops of the hysteretic characteristic ated. 81*2 : ot anale (i 2)
The limiting curve as well as minor loops can be modelled em- 2 - 9 ' o _
ploying the Jiles-Atherton model. In order to detect faalishe ~ The parameters of the flow force model are again identi-
proportional valve with the underlying position controitgac- fied with measurements on the testbed and parameter estimati
tive, the structure for closed-loop fault detection sugegén [7] methods. In order to generate the output residuaquation 9
is extended by two hysteresis models for the two DC magnets A must be considered. Additionally the dynamic performarice o
and B. Because the stationary flow fordgscan be very large,  the position transducer system is modelled as a simpledhickr

these forces should not be neglected. The flow forces (sdirema time-delay element. The output residual is determinedeslith
cally shown in Figure 8) are also modelled and can be destribe ference bewtween the measured slider position and the model
by output:

Fv = pQavacog€z) — pQ1v1COS€r) (25) rn=y-y. (26)
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Figure 9 shows the whole model structure that is used to tletec

Fy I

Figure 8. FLOW FORCES

faults in the hydraulic valve. The inputs are the two curségt

Ig and the modelled flow forcE,. The valve control structure
on the testbed consists of two cascaded current contrgdeils

A and coil B) and a superposed position controller. The amil ¢
rents must be measured because the cascaded currentleontrol
needs the information of the coil current. The currents are i
general available and can be used for fault-detection. &lenc
additional sensors are required to get the current sighadsire

9 shows the model outpyt the measured slider positignas
well as the residual; for the fault-free case. The figure gives
evidence that the two hysteresis models according to tes Jil
and Atherton method allow to chose the thresholds for thd+es
ual very small even over a large operating range of the valve.
Numerous experiments conducted on the testbed show tlat tin
incipient faults can only be reliably detected using theténes

sis characteristics in the model. If the hysteretic effectsne-
glected the thresholds of the residual have to be choseng® la
that small faults typically remain undetected, i.e. thécesl re-
mains below the thresholds. In the following the deflectiohs
the residuals are shown using the example of a partial windin
short and a current offset in coil A.

Fault 1: partial winding short (coil A)

As mentioned before the slider position is controlled by aipo
tion controller. The valve coils on the testbed are currem-c
trolled by two cascaded current controllers. If a partiahaving
short occurs in a coil, the cascaded current controllerraato
ically adjusts the voltage at the H-bridge in order to redwh t
reference variable. After the fault occurs the superimgqeesi-
tion controller tries to reduce the control deviation byustiinent

of the actuating variablal. If the fault is small enough the actu-
ating variable constraints are kept and the control loogthe
fault. The two coil currents are input signals of the new niode
structure (see Figure 9). Since the model parameters amé-ide
fied for the fault-free case, the residualshould deflect in case
of a partial winding short. As expected the adjusted aatgati
variableAl generates a deflection in the residual Figure 10
shows the deflection of the residualin case of a partial wind-
ing short of 10% of the whole windings, which had been injdcte
att =5sec in coil A. Due to the fact that the two currents supplied

5
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actuation
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Figure 9. FAULT DETECTION IN CLOSED LOOPS

to the electromagnets are related by

la=lo—Al (27)
Ig = lo+Al (28)
with
lo constant current (operation point)
Al actuating variable

the fault can only be detected if the control input has not
yet reached saturation, i.@&l = lp or Al = —lp. In the satura-
tion, one of the two electromagnets does not carry any ctrren
hence the partial winding short in the respective coil carreo
detected. This also explains, why the residual depictedguare

10 does not permanently remain outside the thresholds when a
fault occurs. For a fault in electromagnet A, the residuatses

the upper threshold and for a fault in electromagnet B, isses

the lower threshold. Not only the residualshows a deflection

if a partial winding short occurs, but also the residual(see
Equation 7) shows a deflection. In order to show the rise and
fall of the currents the sample rate was chosen much highwer. T
partial winding short has been triggered injected at5msec.
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partial winding short (coil A) partial winding short (coil A)

—— measurement : : : : ; : : :
——model
- - -residual r

| Fault irinjection 5

0.8 : : :
——measurement] :
» 0.6]1---- model :
0.4ll--- residual r,
02 .......................................... : .........................................
..................................................................... P
02 b i E ...............................
-0.4 :
1 2 3 4 6 7 8 9
t/sec t/ms
partial winding short (coil A)
Figure 10. 1 PARTIAL WINDING SHORT (COIL A) i-| — measurement
-=+= model
|- - -residual r

Figure 11 shows, that in case of a partial winding short i coi
A only the residualr, violates the thresholds, whiles (see
Equation 8) remains within the thresholds. With signaldohs
methods (e.g. trend checking, limit checking etc.) theighrt :
winding short can not be detected because the current dlentro . : : : :”'ll"émi:‘i'hjé&fiéﬁ”mg ----------
compensates this fault. This is why the measured currenékig T S SO ovvvssovsssovmsvonss SNIE NN
Ia (see Figure 11) does not show any variation after the partial ' :

winding short. The fault-symptom table of this fault is shoin

Table 1. e
044 2 3 4 /é 6 7 8 9
t/ ms
Fault 2: current sensor offset Alp
As mentioned before the valve coils at the testbed are durren _
controlled and the supply voltage of the H-bridges is mughéi Figure 11.  I'2,'3 PARTIAL WINDING SHORT (COIL A)
as needed to set the maximum coil current. The main reason
for this control strategy is to increase the dynamic pertomoe current offset A 1. (coil A)
of the electromagnets. This over-excitation of the valvit iso 0.8 — . .
i : |—measurement

uncritical in fault-free operation. But if there exists afiset

between the real current and the measured current, thenturre
controller sets up the wrong current. This can lead to ovesot 0.4
and in the worst case to an open fuse or even a burned coil. In

0.6 N | ........... : ........... -|—model
: ; |- - -residual #

0.2} _
order to detect the current offset I A
~ oF fin N [RETSPRPI N[ W\ f, ERPRIR 4
| Ameasurea= 1A +Bla (29) > N/ N/ N/
AlA::I.O% IAmaX (30) _04 | ........ : ........... ....... ..........
06 : : : s s
in closed-loop operation the deflection of the three red&dae 08F - B R R I o S S )
analysed. Since the coil currents are input signals of thg-ma I i ; :_|Faultinjection
netic models, the residua] should deflect in case of a current 2 3 4 5 6 7 8

sensor offset. The offset fault (10%max) is triggered injected t/sec

att = 5sec. Figure 12 shows the deflection of residyalThe

current sensor offset fault (10%nmax) is injected at = 5msec. Figure 12. RESIDUAL 1 CURRENT OFFSET Al (COIL A)

As expected the current controller immediately adapts tie v

age of the H-bridge (see dotted circle in Fig: 13) and adjins

wrong measured current. Since the adapted voltage is aih inpu of the model, the residuab should react. Figure 13 shows the
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current offset A, (coil A) current offset A, (coil A)
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Figure 13. RESIDUAL I CURRENT OFFSET Al (COIL A) Figure 14. RESIDUAL 3 CURRENT OFFSET Al (COIL A)
positive deflectlon of the residumnl. As expected the r.eS|duaj shows the overall setup of the fuzzy-logic based diagnestic
does not deflect in case of a current offset faill. Figure 14 gine.
shows the square-wave voltagg, the appropiate curremg as
well as the residuals in case of an offset current fault.
CONCLUSIONS
FAULT DIAGNOSIS It has been shown that the precise modelling of the hyster-

Table 1 shows that there exists a causality between the in- sis of electromagnetic actuators by means of the Jilestfghe

duced faults and the reaction of the residuals. The goalef th Model allows to detect the presence of tiny, incipient &auit
fault diagnosis is to derive the existence of faults from dhe these actuators. The successful detection of a partialimgnd

served symptoms. In general, there are two different appesm short of only 10% and_ alsp the dete_ction of a cu_rrent sensor
to the fault diagnosis. One is based on classification thandy fault has been shown in this paper with real experimenta dat
the other on inference. The fault detection and diagnosis sy recorded on the testbed. The methods developed in this paper
tem described in this paper uses a fuzzy-logic based di@gnos &r€ not only applicable to electromagnetic actuators, Isat @
approach. Fuzzy-logic allows to abandon the crisp separati other actuators with hysteretic behavior such as piezatmtst

of different states and uses a soft transition from one gtate

the other. The states are described by linguistic terms aach

“reduced” or “increased”. The heuristic knowledge abow th REFERENCES
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