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ABSTRACT. The paper describes a strategy for the mechanical, current and DC bus voltage
sensor Fault Detection and Diagnosis (FDD) of a Permanent Magnet Synchronous Machine
(PMSM) drive. The method is based on three observers. The Extended Kalman Filter (EKF) is
designed to estimate the position in case of mechanical sensor fault. A Model Reference
Adaptive System (MRAS) estimates the phase currents using the actual position and speed
and a nonlinear observer computes the DC link voltage from the phase currents and the duty
cycles. The computation and sort of the residuals (difference between measured and estimated
values) allows the fault isolation. The method is evaluated on a test bench with mechanical,
phase current and DC voltage sensor faults. The experimental results show the effectiveness
and the capability of fault detection and diagnosis of the proposed strategy.

RESUME. Ce travail présente une méthodologie de détection et de diagnostic de défauts de
capteur mécanique, de capteur de courant de phase ou de capteur du bus de tension continue
pour un actionneur électrique a machine synchrone a aimants permanents. Elle s appuie sur
trois observateurs : un filtre de Kalman étendu pour [’estimation de la position du rotor, un
modeéle de référence adaptatif pour estimer les courants de phase et un observateur non
linéaire pour estimer la tension du bus continu. La comparaison des estimations avec les
valeurs mesurées permet de générer des résidus dont I'analyse permet le diagnostic et la
localisation du défaut. La méthodologie est évaluée en insérant des défauts dans les valeurs
mesurées sur un banc expérimental équipé d’une machine synchrone a aimants permanents
de 15kW piloté par un systéeme dSpace. Les résultats obtenus montrent [’efficacité de
I’approche aussi bien sur la rapidité de la détection que la robustesse du diagnostic.
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1. Introduction

During the last decade, fault tolerant control has become an increasingly
interesting topic in numerous industry domains (Benbouzid ef al., 2007). This is due
to the increasing need of system availability, which target to keep under control the
maximum of system operation hazards. Consequently, strategies are defined from
the early preliminary design steps, so as to facilitate fault detection, fault isolation
and control reconfiguration. In the automotive environment, electrical drives are
more and more present and fulfill more and more functionalities. To make them
available, both hardware design and control strategies should be considered. In fact,
several recent works (Bennett et al., 2011; Gaeta et al., 2012) deal with robust and
fault tolerant control of electrical drives. They are aimed at proposing new control
strategies that ensure the continuity of operation despite the occurrence of faults.

A method widely used for Fault Detection and Isolation in AC drives is the
observer-based method (Chen et al., 1999; Campos-Delgado et al., 2008). For
position/speed sensor diagnosis, different methods have been successfully applied
(Diao et al., 2013a; Wallmark et al., 2007; Green et al., 2003). A complete Fault
detection and fault-tolerant control of interior permanent-magnet motor drive system
is presented in (Jeong et al., 2005; Foo et al., 2013; Najafabadi et al., 2011) where a
power equation is used to diagnose a DC Link voltage fault. However, this method
could not be applicable in particular conditions such as steady state. In this paper, a
new DC voltage observer is designed using phase currents and inverter control
signal. For the phase currents, (Nuno et al., 2014) proposes a simple detection
approach based only on the currents measurements, however only open-loop control
system is considered. Also, perform efficient sensor fault detection in harsh transient
phase (speed or torque) is still a facing challenge.

Hereafter, the main components of a sensor-fault tolerant control strategy are
detailed. It is applied to an electrical drive, composed of an inverter and a Permanent
Magnet Synchronous Machine (PMSM). The drive could be used in transportation
applications such as for example the electrical powertrain or the air conditioning
(AC) of electric or hybrid electric vehicle (EV or HEV).

In the paper, position/speed sensor, the phase currents and the DC link voltage
sensors are involved using three interconnected observers. In section II, after a brief
recall on PMSM diagnosis needs, the cases of the position/speed sensor, currents
sensors and the DC-link voltage sensor are respectively treated and illustrated with
experimental results. Then, a conclusion gives the main advantages of this structure.

2. Sensor fault diagnosis for PMSM

As high reliability and robustness for various vehicle-operating conditions are
prime considerations in EV or HEV propulsion, PMSM are becoming very
attractive. Their operation is highly dependent on feedback sensors availability.
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When a feedback signal is lost, a standard control fails or is significantly disturbed.
In the same conditions, a Fault Tolerant Control (FTC) ensures continuous system
operation even with diminished performances. A Fault Detection and Diagnosis
(FDD) module detects the loss of the sensor and the FTC reconfigures the control to
sustain the best control performances.
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Figure 1. Fault tolerant control structure in a PMSM drive

With the aim of reaching the required level of availability in transportation
applications, the drive is equipped with a DC voltage sensor, three current sensors
(due to safety requirements in electric vehicle standards) and a position sensor. The
speed is usually computed from the position. In order to enhance the reliability of
the system regarding its sensors, hardware and software redundancy are usually
adopted. Hardware redundancy adds complexity in the design and increases the
system cost. Despite the computational over cost, software redundancy has become
a promising alternative. This solution is much more attractive because of its
flexibility and its capability of evolution. Thus, state, output or parameter estimation
seems to be a suitable tool of the FDD. State estimation-based observers are suitable
for fault detection since they cause a very short time delay in the real-time decision-
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making process (Isermann, 2011) and offer a quick detection of sensor failures:
under measurement, over measurement, high saturation, low saturation and complete
outage. For this purpose, the signals are estimated through three software sensors
based on the theory of observers: an Extended Kalman Filter (EKF), a Model
Reference Adaptive System (MRAS) and a nonlinear observer for the DC link
voltage estimation. A voting algorithm is used to enable the fault detection and to
make the selection decision between measured and estimated values.

The objective is to have a system, which can adaptively reorganizes itself at
sensor failure occurrence. The output of the faulty sensor is replaced by a signal
derived from the control and the remaining sensors. The FTC structure in the PMSM
drive already presented in (Diao et al., 2013Db), is displayed in Figure 1. The
reconfiguration (nested in the Current Control Loop) is based on voting algorithms.
They are designed to select the most relevant or appropriate value, which must be
used by the current control loop.

2.1. Position sensor fault detection

Thereafter, the diagnosis of position/speed sensor mentioned above is developed
with theoretical details and experimental results.

2.1.1. Position/speed observer synthesis

In PMSM drives, a position sensor is used, and generally, the speed is computed
afterward by numeric means. The salient PMSM is modeled in the standard (d,q)
reference frame as follows:

[ R L, ] [ cos(d) sin(6) |
; -—— —o 0 0 ;
d L, L, d L, L,
d i _ —L—da) R4 0 i, N _sin(f)  cos(8) [Va Vﬂ] (1a)
dt| o L, L, L, w L, L,
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| 0 1 0] . 0 0 |
)/ B
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_|cos(@) —sin(@) 0 04, (1b)
_‘ sin(@) cos(d) 0 O
c o

Wherexz[id,iq,a)ﬁ] ,uz[va,vﬂ] y=[ia,iﬂ]

In these equations, v,, Vs, i, and iy are respectively the voltages and currents in
the (a,f) frame, i, and i, are the currents in the synchronous rotating (d,q) frame. L,
and L, are respectively the direct and quadrature stator inductances, R is the stator
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winding resistance, and ¢ is the flux produced by the magnets. ® is the angular
velocity measured in electrical radians per second and 6 is the electrical position.
The objective is to provide an efficient back-up solution when the mechanical sensor
fails.

There are three ways to provide an estimate of the mechanical information
(position/speed). The first one is knowledge-based (such as artificial intelligence,
genetic algorithms, fuzzy logic, etc.) which requires data recorded on the process to
train the networks or design the rules (Maiti et al., 2012; Orlowska-Kowalska et al.,
2010). The second one is the physical-model based approach that uses observers
(Luenberger, Extended Kalman Filter, Sliding Mode Observer, Differential
Algebraic, etc.) (Zaltni et al., 2010; Sarikhani ef al., 2012; Diao ef al., 2015c). These
techniques are mostly efficient for high speeds and may require a high
computational cost. They can also suffer from the modeling errors or assumptions
assumed for designing the analytical model. The third way is to inject High
Frequency Signal. This technique requires an additional supply and the electrical
machine must exhibit some particular properties such as magnetic saliency.
Moreover the tuning may be tricky because of the additional losses and the increase
of torque ripples (Zhu et al., 2011; Bolognani et al., 2011; Medjmadj et al., 2015).

Hereafter, we use a model-based approach and a stochastic observer namely the
Extended Kalman Filter (EKF) (Akrad et al., 2011). This is a good compromise as
the EKF has acceptable performances on the whole speed range. In fact at high
speed an EMF-based observer would be more relevant but as its performances
drastically reduce as the speed decreases it would have been mandatory to engage
another at low speed another estimator. For sake of simplicity we have therefore
decided to use a single estimator.

Estimation of the speed and the position is done using the reference voltages and
phase currents sensors, which are uncorrelated from the mechanical sensor. Notice
the fact that using uncorrelated sources is a key point of fault detection and
reconfiguration.

For the digital implementation of an estimator, a discrete-time state-space model
is required. Assume that the input vector u is nearly constant during a sampling
period T, a first-order series expansion of the matrix exponential is used to
discretize the model:

e~ A, =1+4T,, A7 (" ~1)B~B,T,

The previous continuous model leads to the following discrete-time state-space
model:

x(k +1) = A,x(k) + B,u(k)

2
y(k) = Cyx(k),C, =C ®
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A, is the evaluation matrix and B, the control matrix. The application of the EKF to
the synchronous machine model is described as follows with the prediction and
correction steps.

Prediction:
el k=1)= A, (k=1)7(k—1/k=1)+ B, (k—Dyu(k ~1)
2k/k-1)= A(k—l)E(k—l/k—l)A(k—l)T +O(k-1)

Correction

K (k) =2k -1C," (0)(C, 0k -DC,” (k) + R(K))
S(k/k)=2(k/k-1)—K(k) C(k)S(k/ k1) 4)
Xk / k) =20k [ k=) + K(k)[y(k) - C,(k)x(k / k —1)]

In (3) and (4), the covariance matrices Q and R characterize the noises that take
into account the model approximations and the measurement errors. Without
additional information, the noises are considered as uncorrelated, time independent
and free-tuning parameters. X represents the variance matrix of the observation error
and K is the observer gain matrix. The Kalman Filter-based estimator uses the
equivalent two-phase currents measurements (i,, iz) and the control voltages (v,, vp)
represented in the stationary reference frame to estimate the rotor position and
speed, respectively @ and @ . The estimation is done in a way that minimizes the
mean of the quadratic error X between the measured phase currents and the
estimated ones by taking into account the measurement noise and modelling errors.

2.1.2. Experimental Validation

The PMSM which characteristics are given in the appendix is fed through a
Voltage Source Inverter and the algorithms are run on dSpace 1103. The switching
frequency of the inverter is 20 kHz.

After numerous experimental trials, it was found that for mechanical position
errors lower than +0.1 radian, the controllers were able to cope with the fault.
Beyond this value undesirable effects arise and the fault detection becomes
mandatory. Therefore this value will be used as a threshold to evaluate the EKF-
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based fault detection effectiveness. The results are displayed within a reduced time

range so as to have a better view of the position tracking.
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Figure 2. Position sensor fault detection with EKF
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At the fault occurrence (t = 0.53s), the estimation error (Figure 2a) varies
significantly. The detection of the position sensor fault is then accomplished as
indicated with the flag displayed in Figure 2b with a detection time duration At =
0.164 s.

The setting of the threshold value, which impacts the fault detection
performance, is guided by the observer accuracy. The speed estimation error (Figure
3) is not really affected: only a peak of 2 rd/s (4% error) at the fault time appears
before the error returns to its initial value.
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Figure 3. Measured and estimated speed, estimation error

Roughly speaking, an adaptive threshold can be settled for different operating
point by analyzing the estimation error.

2.2. Current sensor fault diagnosis

At the apparition of a current sensor fault, a variation of the concerned phase
current is expected and the goal is to spot quickly this variation so as to ensure an
efficient fault tolerant control (Lee ef al., 2011; Rothenhagen et al., 2009). The
severity of the distortion from normal waveform depends mainly on the type of
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fault. Because the currents estimated by the EKF for the position/speed estimation
tends to converge to the values given by the current sensors by design of the EKF,
they can’t be used for current sensor fault diagnosis. So, current estimation must be
completely uncorrelated from phase currents sensors.

2.2.1. Current observer synthesis

Considering the PMSM model, phase currents can be expressed as function of
voltages, speed and position. Then, the residuals are obtained by making the
difference between the estimated values and the measurements. Theoretically, the
MRAS computes a desired state using two different models (i.e. reference and
adjustable models). The reference model determines the desired states (phase
currents) and the adjustable model generates the estimated values of the states. The
PMSM model described in (1) with currents as states variables is now considered:

R, Lo A
d|x L L X L u
B N d d 1 4 d . d (5)
dt| x, Lo R |x, 0 — | M
L L L, |
q q q
L A i L B

_ T R,
Where x =[x, X,]=[iy +Z’lq] and u =[u,,u,]=u, +L—‘¢,uq]
d
The control law by state feedback is: u =—Kxwhere K =[k,k,]is the state
feedback gain.

The system can now be written:

%x:(A—BK)x ()

Stability analysis:

For a nonlinear system, the existence of Lyapunov functions is a sufficient
condition for asymptotic stability, A Lyapunov function V is a positive definite
function and has a Lie-derivative V', which is negative definite.

For the nonlinear PMSM system, a candidate for a Lyapunov function is:

V(x)= %(xf +x3) with V(x)>0 (7

. 1 1 k +L w L w_kz
V:_L_(Rs+k1)x12_L_(Rs+k2)x22+x1x2(_ IL T+ qLd

d q q

) (@)
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K is chosen as follows: &k =-L,® ,k, = an). The electrical parameters R,, L; and

L, are positive. Regarding the sign of the speed, the existence of the Lyapunov
function is studied:

V= —i(RS —wLy)x’ —i(RS +oL,)x,’
L, L,

. ; . R, . .
- w>0: if L,o<R;then V<0 else if w> L_S implies
d

L(RY +oL,)x,” > L(Rq —wLy)x,” thenV <0
L, I,
- @ <0 : In the same way as previously, we have also ¥ <0

- w=0:V-= —l(RS)xl2 —l(Rs)xz2 <0
L, L,

So for every operating speed, Vis always negative and the closed loop is then
asymptotically stable. So, the currents in the natural frame (a,b,c¢) can be estimated

by applying the Park transformation with the estimated currents [fa ,fb,fc] .

2.2.2. Experimental validation

Tests are done with a load torque of 0.5 Nm that is 15% of the nominal torque.
An offset of 0.5 A (20% of the peak to peak current value) is inserted during
operation in the phase B current from t = 2.05s to t = 6s. Figure 4 displays the
speeds (the actual one computed from the measured position and the estimated speed
by the EKF) and the phase B current. We can notice that despite the current sensor
fault, the estimation of the speed is not affected.

~ A

In Figure 5, the three residuals [i, —i .1, —i,i, —fc] are plotted. The absolute
value of the threshold (chosen according to the estimation error) for each phase is set
at 0.184 (dashed lines in Figure 5). The most important variation is observed in the
second residual indicating that the fault affects Phase B sensor. The corresponding
flags are plotted in Figure 6.

The fault detection time duration is At = 0.098s. For the reconfiguration when
using only two sensors, a vector control can be used as reported in (Verma et al.,
2013) with a single sensor.

The variations in the two remaining phases are due to the closed loop operation.
From t = 7 to 8s, a speed transient is noticed and the phase current estimation is
robust with respect to this variation. So the current observer is globally accurate
during steady state and transients.



radls

Observer-based sensor fault diagnosis 465

15

10

AN Wb

=]

4
t(s)

Figure 4. Mechanical speeds and Phase B current

- Iad
0.6 6(]. ta
0.4 1
02
= o
-0.2
nal ]
o 1 2 3 L} 5 (] T 8
o~
b — b

AN
LLLLLLRTLLR LA}

-l
04
I T S S S S Y
. ~
e — te
06
o4
-t

Figure 5. Current sensor fault Residuals



466 EJEE. Volume 17 —n° 5-6/2014

Current Flags

0.8

[IYs — R I A S
o4l

02

N
4 ¥ Zoom at the detection moment

[oR-1

06

04

02}

9 L TR N
21 2101 2102 2103 2104 2105 2106 2107 2108 2108 21
(s

Figure 6. Current sensor flags

DC voltage sensor fault diagnosis

Actually, when the DC voltage sensor fails, the output of the Current Control
Loop is modified and the PWM signal increases or decreases (positive offset/gain or
negative offset/gain) to maintain the requested torque/speed. This leads to
undesirable phase currents, which may affect the control performance or overheating
the power converter or the machine windings. An observer can be a back-up solution
when the DC voltage sensor fails to ensure the continuity of the operation with
acceptable performance (Ohnishi et al., 2004; Nademi et al., 2011). One can also
estimate the equivalent series resistance (ESR) of the DC-link electrolytic capacitor
like in (Xing-Si et al., 2013) to monitor the capacitor voltage. Voltage sensorless
control method has also been applied in (Yip ef al., 2003) where a single current
sensor is used to measure the inductor current and then give the inductor voltage.
Then we are interested by the estimation of the DC-link voltage using the phase
currents and the duty cycles. Firstly, the Kirchhoff law at the capacitor output is
written. Then, using the voltage equation across the machine windings, a second-
order system is defined according to Figure 7.

. CdU"C . . . . 2y
= a Ipc/ipc ~pcracslpeipcotperac = zljaj ©
J=1

Under the assumption of the average model, the a-phase voltage can be written as:
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v, = a,U . where the ¢; are the three half bridge control signals and i; the phase

currents.
Ipc bc Ipc ac
> >
iY
; |
T 4|V«
Inverter

Figure 7. Inverter DC voltage bus layout

The dynamic of the DC link voltage and the A phase current can be written in a
state space model as follows with e, the phase electromotive force:

du, . . .
C it =1peipe — i, — 0, — Qi
di, . . .
L, P =—Ri +v,—e,=—Ri +aU, +¢wsinl
t
From this, the observer is synthesized:
dU . 1 A . . .o
Td = E(IDC/DC —ai, —o,i, —ayi )+ M (i, —1,)
dr (10)
di,

- Li(—Rja +U , a, —gosin @)+ M, (i, —i,)

a

Phase current estimation is used to correct the DC-link voltage estimation and
compensate model uncertainties. The choice of M; and M, must be done according
to the stability criterion. The tuning of M; and M, must be done according to the
stability criterion. We first define the estimation erTors:

A

g =1i,—1i,,& =Up-—Up.. Then the dynamic of the estimation errors is given

by:

& =—&51 +ﬂ82 -M,¢, =—(&+M2)gl +ﬁ52
La La La La (11)

. (04 a
&, :Elgl -Meg, :(El_Ml)gl
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1
Assuming the following Lyapunov function: V' = ) (6‘12 + 822 )>0,

. ) ) . R 1 1
V=g +6,6, & V:—(L—S +M,)e +5152(a1(f +E)—A/[1) (12)

Choosing M, =0{1(LL+%) yields to V =—(%+K2)€12 <0 if M,>0.So

a a

V<0 and the closed loop system is then asymptotically stable with
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Figure 8. DC Voltage estimation at 200V

For the following experimental tests, we choose an experimental bench
composed of a 3H bridge-level inverter connected to an AC grid with an electrical
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machine of 15kW. The electrical machine is a non-salient PMSM with 4 poles pairs.
The controller and the observer are sampled at 10kHz. Figure 8 shows the
performances of the DC voltage tracking capabilities of the nonlinear observer with
experimental tests. We notice a maximal estimation error of 1.5% for the observer.

240

220

\

Figure 9. DC voltage estimation during a sensor fault

The test is done for the same operating point with a DC voltage of 200V during a
sensor fault in Figure 9. An abrupt offset of 20 V representing 10% of the real value
is introduced at time t =2.83s. The estimation error increases significantly as noticed
in the second plot of the Figure 9 and sensor fault detection can be enabled. In the
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same time, the measured currents are showed in the third plot of Figure 9 and the
effect of the sensor fault is a decrease in the phase current magnitude.

The decrease in the currents magnitude is due to the fact that by over-measuring
the DC voltage, the inverter requests less current than needed for the desired speed
trajectory. Consequently, setting a threshold at /0 V which means that an error of
5% on the nominal voltage is tolerated, a DC voltage sensor fault is detected in
Figure 10 with a detection time duration At = 0.058s.

Then, as described in Figure 1, a complete sensor fault diagnosis structure is
designed and validated for a PMSM drive. The inputs of this structure are the phase
currents, the reference voltage and the PWM Control signals.

The last step of the fault tolerant control is the reconfiguration of the strategy. In
case of a mechanical sensor fault, the estimated values with the EKF are used to
ensure continuity of the operation. For current sensor fault the principle of balanced
machine is used and the faulted phase current sensor is isolated and the measured
value is computed from the two other healthy phase current sensors. For a DC link
voltage sensor fault, the nonlinear observer could take over.
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Figure 10. DC voltage sensor flag

3. Conclusion

This paper has described a sensor fault detection and diagnosis structure for a
high-performance PMSM drive. The Fault Detection and Diagnosis is based on an
Extended Kalman Filter (EKF), a Model Reference Adaptive System (MRAS), and
a nonlinear observer. Thanks to the availability of analytical models, an observer-
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based approach allows estimating the position/speed, the currents and the DC
voltage despite the faults that may occur.

The structure allows selecting between the estimated values and the measured
ones (position, speed, and phase currents) in case of sensor failure. The decision is
made thanks to the computation of residuals. The main advantages are:

— Discrimination of a mechanical sensor fault from a phase current sensor fault
thanks to the use of uncorrelated sources,

— Accurate current sensor fault detection and diagnosis with robustness to
speed/torque variation.

Finally, the fault detection and diagnosis structure has shown his effectiveness
through experimental results in case of a sensor (position, current or DC voltage)
failure. The next step will be the implementation of the fault tolerant controller for
online reconfiguration.

PMSM Parameters

Symbol Definition Value
P, Nominal power 1.1 kW
N, Nominal speed 3400 rev/min
T, Load torque 3.2 Nm
P Pole pairs 3
In Nominal current 59A
Ry Stator resistance 1.65 Q
Ly d axis inductance 3.510°H
L, q axis inductance 4510°H
v, Magnetic flux 154 10> Wb
f Viscous friction 509 10 * Nm/rad
J Moment of inertia 6.4 107 kg/m?
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