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SpeedSensor Fault Tolerant PMSM Machines: From
Position-Sensorless to Sensorless Control

C.M. Verrelli, S. Bifaretti, E. Carfagna, A. Lidozzi, L. Solero, F. Crescimbini, M. Di Benedetto

Abstract—New sensorless observers (i.e., from stator cur- leads,in the presence of noise measurements, to several
rents/voltages measurements), to be included into a simple jmplementation issues. In contrast to the main contribution
observer-based sensorless control for the tracking of non- of [31] (Section 5), no information, in [30], about the

definitely zero speed references in nonsalient-pole surface Per- - . . . .
manent Magnet Synchronous Machines (PMSMs), are pro- crucial signalscos(pf) and sin(pd) [pd is the electrical

posed. They are obtained, through a ‘minimum distance’ mod- angle] is directly extracted from the speed dynamics. As
ification, from recently presented position-sensorless observers aforementioned, the speed measurement is in fact there
(i.e., from rotor speed and stator currents/voltages measure- assumed to be provided by a low-resolution sensor that does
ments). The rotor speed estimate is here directly provided by not provide sufficiently precise information on the rotor

the Phase Locked Loop (PLL)-based third-order Steady-State d. Thi kes th ist f itati diti
Linear Kalman Filter (SSLKF) that has been previously used to Spee : IS makes the persistency or excitation conaition

mitigate the distortions on the estimated position. Experimental
results illustrate the effectiveness of the proposed approach in

a speed sensor fault-tolerant scenario. _ there exist positive real#’ and c, such that
Index Terms—Permanent magnet synchronous machines;
position-sensorless control; sensorless control; observer-based t+T )
control; speed sensor fault tolerance. P w(r)*dr > ¢, Vt>0
t

. INTRODUCTION is satisfied,

Different control solutions for PMSMs have been proposed crucial in the estimation process (see in particular Remark
in the literature. The reader is referred to: i) [1], [2], [3], [4],5 P P

. . : . in [24] and the related discussion in [31]; the reader is
[5]. [6], [7] for the case in which mechanical variables (rotor, .\ o«o e 1o [34] for the related Persistency of Excitation

position/speed) are measured (see also [8], [9], [10], [11] fq_remma) While estimation cannot be achieved for definitely
synchronization problems and [12], [13] for extensions tQ )

- zero rotor speeds estimation is actually guaranteed in the
PM stepper motors); ii) [14], [15], [16], [17], [18], [19], [20], L N .
[21] [zg]p 23], [2 4])[225][ fo]r r[ece]n[t th]e(Eret]icEal /gxéergnfen']nalcase of non-definitely zero rotor speeds. Applications include

MSM-based generating units, with active/reactive power
results on sensorless control (see also [26], [27], [28], [29]). ntrol goals (s?ae for ins?ance [35]) being out of the scgpe of
Recently, new design ideas have been presented in [3t

) . s paper. For the sake of clarity, Figure 1 shows the overall
(see aI.so [31] for theoretical fc_>u.ndat|ons, as well as for thSbserver—based position-sensorless control scheme suggested
extension to the case of definitely zero speed references

and uncertain stator resistance), showing that, in order E [30] (relying on either Observer | or Observer Il). The

" : tor speed measurement is provided by the low-resolution
successfully address the position-sensorless case in wh 8h b b y

; ) ; 'ﬁ ppr) transducer, whereas the PLL-SSLKF of [36] (see
the rotor speedv is available for feedback [for instance, Figure 2 and also [37] for the related (almost constant-rotor-

megsured through anw—re_squtlon trans.du_cer onl)_/ pro‘."d'ngcceleration) approximations) is employed to mitigate the
a single pulse per revolution (1 ppr)], it is possible: i) to

specialize the design steps of the ‘sensorless’ observer (?ﬁtimated angle distortions. Such a technique (see also [38])
[24] (see also [32]), leading to Observer | of [30]; i toa ows in fact to obtain clean signals without introducing

follow the design ideas presented in [33] (according to thS|gn|f|cant lags. This structure has been also employed to

. . educe the speed measurement noise in drives using an
letter swap in [.25])’ Iegdmg to Observer_ll of [30]. Theelectromagnetic resolver ([39]) or an incremental encoder
rotor position still remains unmeasured, with no open loo

integration of the rotor speed signal from known initialﬁ40]) or to obtain an estimation of the phasor angle in
conditions being allowed to be performed. It is in fact olluted grids ([36]) leading to an accurate tracking of the

. : input signals even in critical conditions.
well-known that non-robust open loogntegration of the b 9

. iy " In this paper, differently from other related sensorless ap-
rotor speed signal frorsomehow knowninitial conditions . . .
proaches in the literature (the reader is referred to the recent

C.M. Verrelli and E. Carfagna are with the Electronic Engineering Depart[41]’ [42] and references therein and also to [43], [44],[45]),

ment, University of Rome Tor Vergata, Via del Politecnico 1, 00133 Roma,

Italy. S. Bifaretti (corresponding author) is with the Industrial Engineering !If the information aboutin(pf) andcos(p#) is directly extracted from
Department, University of Rome Tor Vergata, Via del Politecnico 1, 00133he speed dynamics (with a slight modification of the observer design), then
Roma, ltaly, (e-mail: bifaretti@ing.uniroma2.it). A. Lidozzi, L. Solero, F. the requirement of a non-definitely zero speed can be avoided (see [31]).
Crescimbini, and M. Di Benedetto are with the Engineering Departmentiowever, a new persistency of excitation condition will result: it relies on
ROMA TRE University, Via della Vasca Navale 79, 00146 Roma, ltaly. a non-constant; and may affect the machine power losses (see [31]).
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o, o Dirrg electrical angle. They are, in turn, provided by the modified
u 1 PPR >
1l S ab up . " . .
Ll oo =E’—'i VR Ppp— electrical position-observers Observers | and Il, in which the
s measured speed is now replaced by the estimated one. The
A . . . . .
o — o effectiveness of such an approach is illustrated in Section
| | S [ anpd-conpt lap VII by experimental results concerning a speed sensor fault-
cos| s PLL cos(p) observer o, .
- -~ Qi tolerant scenario.
o, 1,
Fig. 1. Block scheme for the position-sensorless control strategy th. 7, Speed Uab | o123 il
is based on either Observer | or Observer Il in [30]sas(pf)-cos(ph) > Control ot PMSM ﬂ»mt_,/
observer block. . ab

A
—_
sin(pd), _ S000) Uapy

—
L cos(pd), SSLKF sin p@- cos p@ |  lab

i

"

v, =V, cos(8,) % | Correction |4 A“ Prediction By
By |4 Smntee Al | &

B

| casif) PLL _ W/b(\l’/}J observer >

A A

=

sin(th)

vy =V sin6,)
cos(lh) T sin((h)

Fi

g. 3. Block scheme for the new sensorless control strategy.
Fig. 2. PLL-SSLKF in [36]: block Bl)y, ~ sin(e,) = sin(fm, — 0) =

V;l(vﬁ cos(f) — va sin(#)); B3) numerical procedure or look-up-table to

computecos(6), sin(9) from d. Here:V; is replaced byl; cos(f), sin(6) Il. PMSM MODEL

are replaced byos(pf) , sin(pf) i cos(fm), sin(0m) are replaced by Agqme no saliency and restrict the analysis to the sinu-

soidal flux density distribution. The dynamics of a PMSM in
the fixed reference frame are thus given by the fourth order
Tnodel in [2], [6]:

cos(ph), sin(ph).

we answer the following question: how can the contro

scheme of [30] (namely, Figure 1) be adapted, through a 0 = w

‘minimum distance’ modification, in the case of speed sensor Emor .. ) Tr
faults? This is a relevant issue, since ‘smooth’ transitions A N sin(pf) + i Cos(pe)} A

from speed measurement-based controls to sensorless con- di, R kv Ug

trols are to be guaranteed in speed sensor fault scenarios. dt L '® Tt sin(pf) + L (@)
In this respect, speed/position sensors are typically used in  diy, ~  R.  km gy 4 U
speed-controlled electric motors. They can present faulty or T AL T cos(p) + L’

uncorrect operations: intermittent sensor connection, DC big$ are ¢ is the rotor anglew is the rotor speed(i,, i)

in sensor measurements or sensor gain drop. The.mo.st SEVATE the stator current$y,,w,) are the stator voltages. The
fault is, however, the complete sensor outage, which 'mpl'%riables (6,w,44,i;) constitute the states of the system,
a complete lack of speed information and may lead to closgghe (,,, v,) represent the control inputs. The effect of the
loop instability, especially when it is not quickly recognized,isq s friction coefficient, which is assumed to be con-
and no proper action is performed. The reader is referrgd Qant and known in [24], is here neglected. Generalizations
the recent [46] and [47] for very recent related contrlbutlon&) the case of non-zero known viscous friction coefficient
and for an exhaustive review on fault detection in electricg|,., 1o pe straightforward. The load torqd is unknown
machines, respectively; see also [48], [49], [50], [51] (@ndince it depends on applications, while the known machine
references therein) for more general kinds of faults, as We(';!)ositive) parameters are: number of pole pairsnoment

as [52], [53], [54], [55], [56] and [57], [58], [59], [60], of inertia J, stator windings resistanch, stator windings
[61] for related observer-based applications. On the Oth?ﬁductanceL, torque constanty — p® py; with @y, being
hand, fault tolerance is particularly advantageous in electrig permanent magnets flux linkage. The stator fligesc;)

vehicles applications (see again [41]), in which operatiogatisfy the relationships in [6] (see [31]):
continuity is a key feature (see [57], [54], [62], [63] and

[64], [65], [66], [56], [67], [68], [69]), with safety playing a €, = Lio+ kv cos(ph) = Lin+T,

crucial role. D

The key-idea of this paper (see [70] for preliminary re- _ o ka N ,

sults) does not rely on coming back to the (more complex) & = Lip+ P sin(pd) - = Lip +11. (2)

theoretically-based sensorless control of [24] but, rather, qn
using the PLL-SSLKF of Figure 1 to even obtain a speed es-
timate, namelyw, and thus to replace the position-sensorless km

ere, the quantities

scheme of [30] by the a new sensorless scheme, namely the e = p cos(pf) = Ppar cos(ph)
one reported in Figure 3. The PLL-SSLKF block processes ka .
the estimates of the unmeasured sinusoidal function of the Iy = ry sin(pfd) = ®ppssin(ph) 3)
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represent the contributions of the permanent magnets to the i = k(@ —w*) — ks /'(d} —whd -
stator flux generation. Introduce the Park’s transformation, 0
that is the transformation of the vectous= [u,,u;]T and It can be interpreted as an observer-based modification of the

i = [ia,ip]7 in the fixed stator framea,b) into vectors classical field-oriented control (with preliminary nonlinear
expressed in the framéd, q) rotating along the fictitious compensation). It depends on the pos@e\contr/ol@rameters
excitation current directed as thel axis: ki, ki1, ko, k,r and on the estimate(sin(pe)f,cos(p&)f),
w & for the quantities(sin(pf), cos(pd)), w. Such estimates
d Waq, . . .
[ w ] = R(pd) { wh } (4)  are provided in this paper by the new ‘sensorless’ PLL-
q

i SSLKF and observer blocks of Figure 3, which incorporate
R(pf) = { CO.S(pe) sin(pd) } . the modifications of either Observer | or Observer Il in [30]
—sin(pd) - cos(pf) [with the measured speed being replaced by the estimated
The dynamics (1) expressed in terms of currents and voltaggse].

in rotating (d, ¢) coordinates then become
IV. POSITION OBSERVERS WITH MEASURED SPEED

0 = ‘; T In this section we report, for the sake of clarity, the
w o= M - two theoretically-based observers presented in [30] (see [31]
, J J for rigorous stability proofs, in the more general case of
dig R . Ud . .
3 = Tplatpwigt (5) uncertain stator resistance) that resort to the use of the
(%t P X u speed measurements. According to stability proof of [31], the
d—; = —Ziq — pwiq — TMW + fq observers of this section rely dn, i.e., on the requirement

. OBSERVERBASED SPEED CONTROL of a non-definitely zerav that becomes a non-d_efinitely
) zero speed reference* when the observers are included
Model (5) is suitable for control design. The rotor speegl the observer-based control of the previous section (with a
dynamics in the(d, g)-coordinates are, as for DC machines|gcal nature being consequently inherited by the overall error

linear with respect to the stator current veciecomponent system in accordance with Lemma 9.2 in [71]).
iq and can be controlled by it, with the stator current vector

d-component; being freely assignable to match additionara" Observer I in [30]

control requirements. Adaptive back-stepping techniques canThe idea underlying the- adaptive observer in [24] (and
be successfully applied to design the stator current loofd3]) was to take advantage from the triangularity structure in
for rotor speed tracking/regulation purposes, provided thattBe (i, w)-subsystem. When the rotor speed is measured, the
suitable closed loop adaptive observer for the unmeasurétformation about(¢,, ;) (and thus aboutos(pf), sin(pf))
quantities is designed. To this purpose, let us denote by t§an be fully taken, with stability arguments similar to the
P-signal w*(t) the (non definitely zero) smooth boundedones adopted in [24], fronfiq,i,) [or equivalently from
reference signal for the rotor speedt), with bounded time (ia,is)]. The (4, &p)-estimation laws in [24] and [27] are
derivativesw* () and &*(t). Let us also denote by;(t) a  thus generalized by (yalong withk,, vy, are positive design
suitable smooth bounded reference signal with bounded tinf@rametersi, = iq — ia, i = ip — ip)

derivatives for the stator current vectéicomponent (it will o R, knm /\9 Ua | g =
be assumed to be zero in the experimental set-up of Section ‘e = T~ f‘“sm(p )+ 7 T ela
VI). We report a simplified version of the (theoretically o R. km ol g
derived and experimentally tested) ‘sensorless’ control in  * — T %~ 7 weos(pf) + — + kety
[24] P P éa = 7R7;(z + Uq + ’79 (éa - Lla) -7: - [Z/’izb
FIERE A : _ _n NP o
Up sin(pd);  cos(ph) Ug & = —Rip+up+ (fb - Zb) + T%ZM (1)
ug = L[—¢d — Ei(iq — %) where, according to [24],
. F k3 1 — coniod 2 od 2
—Im/ (ia —i;)d-] o { ~ cos(ph) —sin(pf) }
0 — P (; .
ug = L[—asq — kiliqg — i) cos(pd) = - (5a - Lza)
. — P [z .
. % 3 0 = — — Liy) . 8
kit / (i — i) ] sin(pf) = - (&~ L) ®

The crucial role of the feedback injection is played By

= pi 6
b Pt i ©) which is related to thein(p#) andcos(pf) estimation errors,
Pq = —Dpwig— TMW in accordance with
— — — 2 —_— 2 .
[ ig ] cos(pf),  sin(p), { i ] 1—cos(pf) —sin(pf) = cos(pd)® + sin(ph)’
. = — — . — 2 — 2
lq —sin(pf); cos(pf),; () —cos(p#) — sin(ph) .
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B. Observer Il in [30]

The adaptive(cos(pf), sin(pd))-observer of the previous
subsection is structurally local due to teterm injection. A

A. Modified observer |

The resulting modified Observer | reads (along withk.,
~g, are positive design parameters,= i, —iq, iy = ip—1p):

global (cos(ph), sin(ph)) adaptive observer can be actually %a _ _Ega + @@S@) 4 Ya kola

obtained by following the design ideas that are presented in L L L i

the first part of the control design in [33] and are related ~ j, _ ,E;b _ ]LM@CO/S(ﬁ) + 8k (11)
to a suitable change of coordinates for the error system L L L

under persistency of excitation. To this purpose, a part of ¢ — _Rj 4+, + (ﬁa _ Lz’a) F— pigb

the PMSM dynamics is to be rewritten as a state space LA%
system with state variables, i, cos(pf), sin(pf) and the ¢ _p ( T ) pw =
unmeasured quantitiesn(pd) andcos(pf) are to be viewed S By w00 (& = Ly ) 7+ Ly o

as uncertain ‘parameters’ to be estimated. The adaptivewhen no stator current estimation laws are implemented

observer then reads:

dig B R ka —  Ug .o

il Tla + Twsm(pﬂ) + T + ki(ig —1a)

d’AL'b R 3 kM - = Up . “

o, MM os(pd) - 2 i G

m T weos(pld) + 7 + ki (i, — 1)
dc%](fpﬁ) = —pws@) + v 9)
ds%(tp@) = pwco/s(ﬁ) + vs,

in which k; is a positive design parameter, whilg, v, are
chosen as ( is a positive design parameter):

—kpw(iy — 1) (10)

kEw(ia — ’Za).

Ve

Us

They are related to the regressor matrix

. 0 }%Mw
T

The observer of this subsection, in contrast to the one
reported in the previous subsection, is a purely adaptive,
back-EMF- based observer. It can be obtained from Observlg

| by: computing the dynamics afos(pf), sin(pé) in (8) for
79 =0, 0s = 1 v1 = p?/(kmLkg); taking k; in place of
k.; replacingi,, i, by is, is (respectively) in the first terms
appearing in the stator current estimation laws; replaci
i, i DY 14, i, (respectively) in the last two equations of
(8); adding the proportional termbk;i, and Lk;i;, to the
(€4, &)-dynamics (respectively).

V. NEW SENSORLESS POSITION OBSERVERS

"th

in Observer | [with the~;-dependent terms irfa and

éb being accordingly set to zero and the observer (7)-(8)
exactly reducing to the one in [24] and [27]], the resulting

modification leading to the scheme of Figure 3 just consists
of including the torque estimation law in the speed tracking
control loop and of replacing the speed estimate provided
by (4) of [24] by the corresponding one provided by the

PLL-SSLKF block.

B. Modified Observer Il

The modified Observer Il naturally reads; (kg are
positive design parameters):

G, _

Uq

i kM . T . ~
a = —la + Twsm(pQ) + T + kiiq —ia)
diy, R, km. —75  w 2
- = Th— T weos(pl) + 17 + ki (ip — ip)
d 0 T
% = —pwsin(ph) + v, (12)
dsin(p0 —
dsin(pf) = pwcos(ph) + vs
at )
ve = —kpo(i, —1p)
vy = kp@(ia —ia).

VI.

rThe prototype realization of the electric drive shown in
igure 4 and Figure 5 is used to experimentally investigate
the effectiveness of the proposed modified observers to be
included into the sensorless control algorithm of Figure
3. The control board sits on top of the inverter and it is
nnected by a high density flat cable to the gate drivers
and sensors. The electrical drive is fully controlled by the
National Instruments System-on-Module sbRIO-9651, with
a dedicated board specifically designed for power electron-
ics and drives applications (PED-Bo&jl The proposed
observers are directly implemented, in their discrete-time
versions (execution timé&, = 83 us), on the FPGA target
using a 32-bit floating point arithmetic. In the test campaign,

EXPERIMENTAL SET-UP

The paper contribution relies on replacing the rotor speesh axial flux, permanent magnets, 5 pole-pairs machine (35
measurement in the previous observers | and Il by the outpkitVv, 3000 rpm, 110 A, L = 0.000036 H, R = 0.1 £,

w of the PLL-SSLKF block of Figure 3, in order to naturally

J =0.5kgn?, ky = 1.14 Nm A1) is used with a constant

define a new sensorless speed control for (nonsalient-palkeference speed equal 260 rpm and g0.875| N m -torque.

surface) PMSMs.

The 1 ppr sensor is emulated by updating only once per
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round the speed measurement provided by a resolver havithg sake of brevity]. The control parameters [in Sl units]:
30 rpm resolution. The phase voltage values applied to theg, = 0.01, k,; = 0.004, k;, = 0.0101022, k;; = 3.6538
PMSM are assumed to coincide with the reference voltagésive been set by adopting the tuning techniques of [72]
provided as inputs to the PWM modulator and thus thegelying on the Bode diagrams for the speed/current control
are not physically measured. To perform the tuning of PLLloops.

SSLKF parameters, the practical off-line procedure propose i
in [37] has been accounted with, = 20, R — 2 andg — 45 ,&j Sensorless control of Figure 3 (steady-state)

degree. The sensorless control of this paper is activated at time
t = 0. Figures 6-10 illustrate the closed loop performance
obtained by the PLL-SSLKF-based sensorless control of
Figure 3 including the modified Observers | and Il. Sat-
isfactory results are achieved in both cases: rather precise
speed regulation is guaranteed, along with small estimation
errors for sin(pf), cos(pf) and small tracking errors for
the (iq,14)- tracking errors. An improved performance is,
however, obtained in the case of the modified (global)
Observer Il

Fig. 4. FPGA controlled 3-ph inverter prototype used in the experimental ) ) ] ] I
campaign. Fig. 6. Experiments of Subsection A. Estimatess(p0) (i.e., cos(pf) ;)

for the modified Observers | (left subplot) and Il (right subplot), in
comparison with the corresponding actual profiles.

—

Fig. 7. Experiments of Subsection A. Estimat&a(p6) (i.e.,sin(p@)f) for
the modified Observers | (left subplot) and Il (right subplot), in comparison
with the corresponding actual profiles.

Fig. 5. Detailed view of the axial-flux PM-machine at the test bed.

2 [rpm]

2 [rpm]
o

S

VII. EXPERIMENTAL RESULTS

In this section experimental results showing the effective ]
ness of the proposed PLL-SSLKF-based sensorless cont. %~ & e % W
are .prowded na sp_eed Sel"180r fault-tolerant sceharioe Fig. 8.  Experiments of Subsection A. Rotor speed and rotoor speed
design parameters (in Sl units) ake:= 15000, 79 = 2000,  reference for the sensorless control with the modified Observers | (left
~1 = 1000 for Observer I;k; = 2000, kg = 20 for Observer subplot) and II (right subplot).
[I. The motor is initially controlled, to reach the steady-
state, by the standard field oriented controller (6) with th
measured speed in place of estimated oné and with the
measurements E’il(pe)’ cos(ph) in place of the estimated ~AS comparison, the experimental results (at steady-state)

one5sin(p9)f, Cos(pg)f [no related Figures are included forobtained_ by _the p_osition-sen_sorless control of.Figure 1lin
[30], which is activated at timg = 0 and relies on 1

2We here assume, for the sake of simplicity, that a speed sensor fafiPr speed_ sensor-based measurements, are_ reported. The
detection scheme is available. same design parameters of the corresponding sensorless

%. Position-sensorless control of Figure 1 (steady-state)
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Fig. 9. Experiments of Subsection Az-current tracking error for the Fig.13. Experiments of Subsection B. Rotor speed and its reference, along

sensorless control with the modified Observers | (left subplot) and Il (righwith the rotor speed measured through the 1 ppr-sensor (dark green), for
subplot). Observers | and Il in [30].

10 10

modified aftert = 1 s. Figure 14 illustrates the closed loop

5 : performance in two cases: i) speed reference passing from
WWNWWMWW” 350 rpm to 250 rpm; ii) speed reference passing frdf0

N rpm to 350 rpm. The time profile of the estimated speed is
reported in both cases, along with the time profile of the
time-varying speed reference. In both cases, the estimated
Fig. 10. Experiments of Subsection A,-current tracking error for the Speed exhibits a smooth profile reaching, with acceptable

sensorless control with the modified Observers | (left subplot) and Il (righpscillations, the new steady-state value after abosit 1
subplot).

[A]
[A]

-10 =10 s —————— |
0 [s] 4 0 [s] 4

w70 200,
A ]

scenario are used. Figures 11-13 illustrate the closed lo,

performance. Even though more precise position estimatic

and speed regulation are achieved in the presence of spe - |

information, the closed loop performance is not so far fronzo; w : 2299 & e,

the one achieved in the previous sensorless scenario (slightly

improved performance is again obtained in the case of thég- 14.  Experiments of Subsection C. Rotor speed estimate and its
. . . reference for the sensorless control of Figure 3 with Observer II.

Observer Il). Such results definitely confirm the effectiveness

of the sensorless approach of this paper, but they also

explicitly confirm, from an experimental point of view, the D. Transition from the position-sensorless control of Figure

ideas described in [30]. 1 to the sensorless control of Figure 3

The position-sensorless control of Figure 1, relying on 1
ppr speed sensor-based measurements, is activated at time
t = 0. A complete speed sensor fault occurs before the time
instantt = 2 s, with the corresponding sensorless control of
Figure 3 being simultaneously activated. Figure 15 illustrates
the smooth transition between the two controls of Figure 1
and 3. Satisfactory results are achieved: rather precise speed
Fig. 11. Experiments of Subsection B. Estlmateﬂ(pe) (ie., cos(pe) ) regulation is guaranteepre- and post- fault. An improved
for Observers | and Il in [30], in comparison with the correspondlng actugberformance is again obtained in the case of the control
profiles. scheme incorporating Observer II.

Fig. 15. Experiments of Subsection D. Transition from the position-
sensorless control (Figure 1) to the sensorless control (Figure 3): (torque-
Fig. 12. Experiments of Subsection B. Estimatéd(p6) (i.e. 51n(p9) ) meter measured) rotor speed and its reference, along with the rotor speed
for Observers | and Il in [30], in comparison with the correspondlng actuarlneasured through the 1 ppr-sensor and the estimated speed, for Observers
profiles. I and Il and modified Observers | and II.

C. Sensorless control of Figure 3 (transient) VIIl. CONCLUSIONS

The sensorless control of Figure 3, incorporating Observer Effective ‘minimum distance’ adaptations of the latest
I, is activated at time = 0. The speed reference is abruptlyposition-sensorless design ideas have led to new sensorless
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observers to be included into a simple adaptive observedts]
based sensorless speed control for (nonsalient-pole surface)
PMSMs. Such a sensorless control scheme owns a definite
flavour inherited from the electric machines control literature19]
The underlying idea has been to replace the measured rotor
speed of the position-sensorless control with the estimated
speed that is provided by the third-order PLL-SSLKF beingoj
already used, in the position-sensorless control, to mitigate

the distortions on the estimated position. Experimental re-

sults have demonstrated, in terms of steady-state/transign
behaviours andpre/post fault transition, the effectiveness

of the proposed approach in a speed sensor fault-tolerant

scenario.
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