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MECHANICAL SENSOR FAULT-TOLERANT CONTROLLER IN
PMSM DRIVE: EXPERIMENTAL EVALUATION OF OBSERVERS
AND SIGNAL INJECTION FOR POSITION ESTIMATION
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This paper presents the operating principle, results and conclusions for an FTC mechanical sensor that can guarantee continuity
of operation on the whole speed range. This active FTC is based on analytical redundancy using three different estimators (an
Extended Kalman Filter (EKF), a back electromotive force based observer (back-EMF observer) and a high frequency voltage
injection (HFI). Thanks to this structure, the mechanical measurement is continuously monitored and at sensor fault occurrence
the sensorless controller can be engaged using the best estimate. From numerical simulations and experimental results on a
1.1kW salient PMSM drive, the following conclusion has been drawn : at low and zero speed, the drive availability is obtained
with the combination of the EKF and the HFI while for higher speeds EKF and back-EMF observer have better performance.

NOMENCLATURE

Lg, Lq are the direct and quadratic stator inductances,

R, is the stator resistance,

W, is the magnetic flux linkage,

p is the number of pole pairs,

Q is the rotor mechanical speed, Q,, is the output of the
voting algorithm,

w = pQ is the electrical angular velocity,

0 is the electrical rotor position, e, is the output of the
voting algorithm,

x, a variable, X is the estimated variable, x’ is the transpose,
Xo > Xp are the components of x in the (a,p) reference frame,

X, ,Xx, are the components of x in the (d,q) reference frame.

q
Parameters of the high frequency sinusoidal injected
voltage:

, is the frequency, V is the amplitude,

8y >y ATC the back-electromotive-force estimates in the

(a,B) reference frame,

~

€,q » €y are the outputs of the adaptive observer.

sa

1. INTRODUCTION

Because of its attractive features, like high efficiency,
high power density, ease of control and high power/torque
density, Permanent Magnet Synchronous Motors (PMSM)
are increasingly used in many industrial applications. For
transportation (ground or aircraft) continuous operation is
necessary and thus even a breakdown of the drive is
unacceptable [1]. However different faults or failures can
affect the drive (electrical machine, power converter(s),
cables, energy sources or sensors) [2]. The resilience of the
drive can be obtained:

¢ through a conservative design or/and,
¢ a fault tolerant controller [3-5].

In the first case, hardware redundancy is implemented
with for example additional windings for the electrical
machine, additional legs for the power converter and

additional sensors.

This solution even unavoidable in some sensitive
applications may be expensive and may require specific
layout as the accessibility of the machine neutral point or
the direct current power supply midpoint.

The other option is to design a controller that can cope with
the faults or failures and make the drive resilient. The so-
called fault tolerant controller (FTC) can be passive (meaning
that there is no fault diagnosis module and the resilience is
based on robust controllers) or active (there is a Fault
Detection and Isolation module and a supervision module).
In the active FTC, analytical redundancy is used to estimate
information that may be lost or degraded. This is the case for
the mechanical sensor for example. In fact, an accurate rotor
position sensor (encoder, resolver, Hall-effect sensor, etc.) is
required to achieve rotor position/speed/torque control. In
case of faulty sensor, the information must be recovered from
the available electrical measurements, the drive becomes by
abuse of language sensorless [6—7]. In general, there are three
different approaches:

* the estimation of the motor back electromotive
forces (EMF) [8];

* state estimation with differential algebraic [9] or
linear/non-linear observers (backstepping,
Luenberger, fuzzy sliding mode and Kalman filter
[10-12]);

* inject a high frequency additional voltage at the
machine terminals and retrieve the rotor position
from current signal processing [13—15].

These three methods do not have the same static and
dynamic performances on the whole speed range.
Therefore, it sounds relevant to evaluate a hybrid solution
with the three methods and the actual sensor in a FTC
architecture to ensure the continuity of operation with an
effective and robust FTC.

Compared to the works previously mentioned, fault-
tolerant control (FTC) has been proposed especially for
low, very low or only for middle and high-speed ranges.
However, FTC over the entire speed range has not been
largely studied. This paper brings a contribution with a
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proposal of a FTC on the whole speed range. The proposed
hybrid structure has the capability of mechanical sensor
fault detection, fault isolation, and reconfiguration over the
entire speed range.

The paper is divided in four sections. Section 2 is
dedicated to the description of the three estimators and the
evaluation of their performances within the FTC structure
through numerical simulation results. Section 3 presents the
evaluation of the three estimators with experimental results.
Finally, a conclusion closes the paper.

2. FAULT-TOLERANT CONTROL STRUCTURE

2.1. POSITION/ SPEED ESTIMATORS

This section presents the three different methods for speed
and position estimations in sensorless control of PMSM.

A. EXTENDED KALMAN FILTER (EKF)
The electrical equations of a PMSM in the standard (d,q)
synchronous rotating reference frame are shown as follows:

dj_t(’L A @)X(1)+ BLOW(HB@)P(). (1)

where
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| Ly Ly | pugeny | La Ly
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where, v and igp are the stator voltage and current,
respectively in the stationary reference frame (a,f). isq, 5q are
the currents in rotating (d,q) synchronous frame. Using the

current measurements (z isﬁ) and the controller-output

saL 2
voltages (Vsu ,vsﬁ) and the digitalized model in (1), the
EKF can be designed as detailed in [7-8], [16—18].

B. BACK-EMF OBSERVER

A state representation in the (ap) coordinates of the
salient PMSM is modelled as [6]:

dlia] 1] R -wl(le-L )i .
dt|ig| Ly|w(L,-L -R, Isp
1 -1 0 €5a 1 [Vsa
+— +—
L, 0 -1 e L, Ve
where e, .e; are the Back-EMF in the (0,B) coordinates.

They are defined as:

esa
esB
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where G is a positive gain tuned with pole-placement
technique of the adaptive observer obtained after the
development [18]

N>

sa = "Weép — G(es(x - eS(l)

. . . “)
€p = "WEsq — G(esB - esB)
The error dynamics are given as:
ey =—Wey —Gey,
B )

e =wey, —Geg

Concerning the Back-EMF adaptive observer for PMSM,
more details can be found in [19-21].

C. HIGH FREQUENCY SIGNAL INJECTION
ESTIMATOR

Thanks to the PMSM magnetic saliency, the inductances
in the d and q axes are not constant and depend on the rotor
position. If beside the fundamental component, an
additional sinusoidal voltage is injected at the machine
terminals, there will be an additional component in the
currents flowing in the windings. If the additional voltage
frequency is high enough, the rotor position can be deduced
from the spectral processing of this new current component
that does not produce a parasitic torque [22]. The
methodology to select the appropriate high-frequency
signal injection voltage amplitude for rotor position
estimation is described in [13].

The injection frequency f; (set hereafter at 1 kHz) is
ten times higher than the fundamental frequency. In this
work we consider a rotating HF voltage signal as an
additional signal. It is a balanced three-phase voltage set
with constant amplitude V,; rotating at the frequency

w; =27f;, which becomes in a two-axis stationary
reference frame:
Vi —sin(w;7)
= Vsi . (6)
Vai COS((Dit)

The dg PMSM can be modeled in the rotor reference
frame by the following set of equations:

{Vd =Rig +p¥, -w,¥,

V —Ri W, oW’ (7
q= Slq+Wr d+pq

where p is a differential operator. The flux linkage vector is:

{w L " (8)
q = tqlq
Transforming (7) into the (o,f) where w, = 0, the
following voltage relation is obtained:
Vo, =R, +p¥,
{VQ—R 'a+ ‘Pa ©)
p =g +Op
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Fig. 1 — Position sensor fault tolerant controller PMSM drive.

If the resistance Ry is neglected at high frequency the
currents can be deduced from the following expressions
[13,23,24]:

lai| |10 cos(w;t)+1; cos(260 - w;r) 0

igi | Igsin(w,r)+1,sin(20 - ;) | (10
with
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Equation (10) contains information on the rotor position
20 [24,25], that can be estimated with the arctangent

function
é=la.rctan%—B (11)
2 iy
2.2. SENSOR FAULT-TOLERANT CONTROL
MECHANISM

The objective of a fault tolerant controller is to guarantee
that the process is under control even in case of fault or

Ui(k), Ux(k),
Us(k), Usgt (k1)

failure before the intervention of the maintenance team
[26]. There are two main FTC approaches: passive and
active [27-31]. In the following an active FTC is
investigated as displayed in Fig. 1.

In healthy condition, the sensor gives the mechanical
information. However, when a fault arises, an estimated
position is computed by each of the three estimators. A
voting algorithm based on Euler method is then used to
select the most relevant information for feedback (denoted
Qv, Ov respectively for the mechanical speed and the
electrical position). The threshold has been set after
numerous simulations on the whole torque-speed range and
the computation of the errors between the output of the
sensor and the estimates. The transient behavior of the
observers has been analyzed by the Euler method for its
good dynamic performances, robustness to parametric
variations, simplicity of implementation and tuning. The
monitoring of the sensor requires comparing its output with
at least two other measurements or estimates. Thus, it is
possible to detect the sensor fault. However, as mentioned
above, the three approaches do not have the same static and
dynamic performances over the entire speed range. The
flowchart of the Euler method is shown in Fig. 2.

e1(k)=U(k)— Ues (k—1)
&2(k)=Us(k)— Ues (k1)
e3(k)=Us(k)— Uest (k1)

threshold 4

> min(gig-1,...3)<h 9 Uest(k)=Ui(k)

Fig. 2 — Flowchart of the voting algorithm with Euler for " sampling time.
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2.3 SIMULATION RESULTS OF THE FTC Rs, the simulation results displayed in figure 5 show that
To evaluate the performances of the estimators and the the FTC is still efficient.
FTC, a set of simulations has been performed using _ _ ,
Matlab/Simulink. The PMSM, whose parameters are shown 4 | """""""""""" P ———
in Table I, is fed with a PWM voltage source inverter. The b ’—' rrrrrr : H e

current control loop is sampled at 100 ps while the speed

loop sampling frequency is 1 kHz. :
To evaluate the FTC, the following scenario is used: s > 2 B = 5
- atime varying speed reference from 0 to 10 at 100 rad/s, t(s)
- a load torque of 2.5 Nm (75% of the nominal load @
torque) is applied in the following time ranges in B0
second [1.5 2], [4 —4.5] and [7 — 7.5]. — “euler” “sensor
A mechanical sensor failure (complete outage) is introduced T Ceuer Ve
in steady states (at low and high speed) and during a speed 4o T Peuer P
transient. Figure 3a displays in solid line the actual measured e a0 _—9_?9"?{'»_?_5“"5 v
mechanical speed (Q+fault) and in dashed lines the speed = _
selected by the voting algorithm from the three estimators. 20k =
Figure 3b shows the transformed currents I4 and 1. wb o RN _
Table 1 o (Fzﬂ 7] BA/ _B\A
PMSM Parameters tis)
Parameter Value (b)
Magnetic flux (¥m) 0.153 Wb Fig. 4 — Operation of the voting algorithm.
Nominal speed (Qn) 314 rad/s
Nominal load torque (7n) 32Nm According to the previous simulation results, we can
d-axis inductance (Ld) 3.5mH conclude:
q-axis inductance (Lq) 4.5 mH 1. The HFI estimator is efficient in the low-speed
Stator resistance (Rs) 1.65Q operation meaning from zero to 10% of the nominal
M.oment o‘f 1r}ert1a (@) 6.4 10-3 kg/m? spee d (Qn)
;/;Tz(;isirfsrg;on () 209 103 Nm/rad 2. The back-EMF observer is efficient for higher speeds
Nominal voltage (Vn) 200 V (2>10 % Qn).
Nominal current (/n) 6A We can also retrieve from the results in the literature [17]
that the EKF is efficient on the whole speed range despite
1w ——a |- S cres the computational burden if the gains are computed online.
—_——Q : In conclusion, to guarantee the continuity of operation in
= I Y o : the whole speed range, the voting algorithm must always
% B0} B STt ol -------- — have three inputs to discriminate a faulty mechan%cal
*‘é a0l N o I = : : sensor. Therefore, the FTC will be based on the appropriate
; iy : : selection of estimators depending on the speed as displayed
20k gl ............ inFig.6.
% 2 4 B ; ; ; '
') 0| ——Q | ..... ..... ..... _
(a) a0 -0 QV ............................ \ ........ L
B 2 gk U SO I il T I RS
Id g b
af-- g g | . o anb A | U SO ]
= ——d | 775
L2bf g RS SRS S 1 0k ! 52 ..... dloi ]
0 -d é 1 L 0 : ;
. : 0 2 4 B 10
“0 2 4 t E?)
t(s)
(b)
Fig. 3 — Fault tolerant control under sensor failure and recovery.
Figure 4a shows the operation of the voting algorithm. It <
can be noticed that in low speed, the HFI estimator is =
selected while as the speed increases the Back-EMF observer
is preferred. The curves plotted in Fig. 4b represent the errors

between the output of the voting algorithm and the outputs of
the estimators. In the following, the robustness of the FTC is
evaluated against parameter variation.

With +50 % variation introduced in the stator resistance Fig. 5 — Fault tolerant control under Rs variation (+50 %).
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Fig. 6 — Combination of estimators on the whole speed range.

3. EXPERIMENTAL RESULTS AND
EVALUATION OF THE ESTIMATORS

The experiments are run on the 1.1kW salient PMSM (as
in Table I) drive. The PWM switching frequency of the
inverter is 20 kHz, and the DC bus voltage is 200V. A
dSpace 1103 RTI is used to implement all the algorithms at
10 kHz. The drive operating in sensorless mode means that
one estimate is fed back to the vector control.

Fig. 7 — Experimental test bench.

In the following the drive operates in sensorless mode
means that one estimate is fed back to the controllers and
the transformations. Finally, the sensorless feasibility has
been experimentally proven in case of an absolute encoder
on the whole speed range.

The first operating point is at low speed (the speed
reference varies from +31.4 to —31.4 rad/s) and no load.
The results are displayed in Figs. 8—10 respectively for the
EKF, the Back-EMF and the HFI.

t(s)

Fig. 8 — EKF Experimental results for speed and position estimations
during a speed reversal test.

The electrical position estimation errors are inferior to +
0.5 rad (+£0.16 mechanical radian) both for EKF and HFI.

Looking at Fig. 9, one can notice that the Back-EMF
exhibits poor results at standstill and at very low speed
(these results were predictable as the electromotive forces
vanish at low speed).

-10 1 1 1
0
t(s)
7 i g e ]
6
5
4 =
=
S
3
2
1
0
0 1 2 3 4

t(s)
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Fig. 9 — Back-EMF observer experimental results for speed and position
estimations during a speed reversal test.
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Fig. 10 — HFI sensorless experimental under speed reversal response.

The electrical position error estimation varies in the + «
radian at zero and very low speed operations during speed
reversal. For the HFI estimator, in steady state, the position
error is less than 0.1 rad while the speed error is almost zero.

These results show that in the low speed region, at
position sensor fault occurrence, the drive would be more
efficient if the estimated position is computed from the
EKF or the HFI estimator.

The second operating point set at higher speed with a
variable load torque (from 0 to 30 % of the nominal load
torque between 0 and 0.5 s and between 3.5 and 5 s) has been
selected to analyse the EKF and back-EMF performances. The
results are displayed in Figs 11 and 12 respectively.

120
100

t(s)

Fig. 11 — EKF Experimental results for speed estimation with a variable
load torque.

120
100
=
= 80
£
= BD
a
40
20

t(s)

Fig. 12 — Back-EMF observer experimental results for speed estimation
with a variable load torque.

The third operating mode is selected in sensorless control
at low speed (around 10% of the nominal speed) with a
variable load torque as in the second operating point.

The results displayed in Fig. 13 show the performances of
the HFI when the load torque is variable. The average speed
estimation error is almost zero and the position error mean
value is around 0.25 rad.
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radfs

ti{s)

Fig. 13 — HFI experimental results for speed estimation with load
torque variation.

4. CONCLUSIONS

This paper has presented a mechanical sensor fault tolerant
controller for PMSM drives. At sensor fault occurrence, the
drive enters in a sensorless mode in which the rotor position
and speed must be estimated, as it is key information for the
drive. We have evaluated on a test bench the performances of
three estimators, the Extended Kalman Filter (EKF), the
Back-EMF observer and the High Frequency Injection (HFT).
The results show that at low speed (< 10%Qn) including
standstill, the EKF and the HFI are the estimators. For higher
speeds, the EKF and the Back-EMF observer are the best
candidates. Therefore, within the FTC, a supervision module
is included to monitor continuously the mechanical sensor by
comparing its output to the estimators in order to engage the
best estimate at fault occurrence.

Received on June 13, 2019
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